A control-centralised multiaccess protocol exploiting non-selective fading for LEO satellite communications. by Ren, Weili
A Control-Centralised Multiaccess Protocol 
Exploiting Non-Selective Fading for LEO 
Satellite Communications 
Weili Ren 
Submitted for the Degree of 
Doctor of Philosophy 
from the 
University of Surrey 
Unis 
Surrey Space Centre 
School of Electronic Engineering, Information Technology and Mathematics 
University of Surrey 
Guildford, Surrey GU2 7XH, UK 
June 2001 
© Weili Ren 2001 
Summary 
Efficiently transmitting bursty short messages generated by a large number of users in the uplink 
channel of a LEO satellite constitutes core task of this research, for some applications involving 
short message transmission like global data collection can be well accommodated in little LEO 
satellite communication networks. A new framed-ALOHA protocol is proposed specifically for 
such short message transmission, with respect to the long propagation delay and intermittent 
channel availability of the LEO satellite communication systems. 
As a random access protocol, the framed-ALOHA can make use of capture effect, which exists in 
mobile radio channels, significantly to improve throughput. Thus the capture effect is deeply 
investigated for the LEO satellite channel. Two new exact evaluation models of the capture effect 
are proposed for coherent BPSK and non-coherent FSK demodulation respectively, by using 
which, the capture effect is examined for the first time in the LEO satellite channel. Moreover 
two new enhancements of the capture effect are proposed to increase the throughput further, 
based upon generation mechanism of the capture effect. Their effectiveness is validated by 
simulation analysis. To stabilise and maximise the throughput of the framed-ALOHA protocol, a 
centralised first-order recursive transmission control policy is developed, in order for the satellite 
to prevent the uplink channel from being overloaded. The control policy is based upon MLE of 
the offered load, which is executed once per frame by the satellite in the presence of the capture 
effect. 
An in-orbit channel measurement for fading characterisation of the LEO satellite channel was 
designed, developed and conducted by using a LEO spacecraft platform and a DSP payload. It 
can provide for us with practical parameters in this research and other relevant researches. The in- 
orbit measurement will lead to a fading statistical model of the LEO satellite channel after 
extensive measurement campaigns are completed. 
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Chapter 1. Introduction 
Chapter 1: Introduction 
Objective and associated scope of this research programme are addressed. 
Structure of this thesis and logical links between the chapters are described, and 
original achievements of this research are presented. 
1.1 Objective and Scope of This Research 
University of Surrey has been involved in the design, development, manufacture and operation of 
low Earth orbit (LEO) satellites since 1981. A series of LEO satellites, namely UoSAT satellites, 
have been successfully launched, and are providing digital store-and-forward communications 
across the world [27] [99] [101] [103] [110]. Successful applications being supported include 
medium-resolution imaging for disaster surveillance and environment monitoring [27] [28] [103] 
and independent global-coverage email systems [15] [99] [100] [110]. The `Rapideye' project 
being collaboratively developed with German partners is a clear indicator to such successes. With 
increasing interest in the store-and-forward communications provided by cost-effective LEO 
satellite networking, more and more applications have emerged. Some can be supported very well 
by single LEO satellite networking, whereas others must be provided by multiple LEO satellites 
together by forming a constellation. Such examples include `E-SAT' constellation being 
developed in Surrey Satellite Technology Limited (SSTL) to offer low-cost data gathering 
service [69] [98], and `Gander' constellation proposed by SSTL to provide for maritime users 
with information services on waveheight and windspeed at sea [97]. 
Expanding applications require new components to be integrated into the existing communication 
protocols in the UoSAT satellites or modifications and improvements on these protocols. Many 
applications to be accommodated require that single LEO satellite networking or LEO satellite 
constellations support a large number of users generating bursty short message. The applications 
involving such short message transmission in the shared uplink channel of LEO satellite may 
include global data collection and transportation tracking. Efficiently supporting a large number 
of users generating bursty short message and maximally utilising limited capacity of the uplink 
channel of LEO satellite therefore become the principal objective of this research. A deeply 
looking into this topic leads me to many relevant issues needing to be examined. These issues are 
associated with propagation characteristics of LEO satellite channel, multiple access protocol 
technology, capture effect in mobile channels and its exploitation and enhancement, and estimate 
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and control of channel traffic load. These topics also form the themes of the chapters of this 
thesis. 
1.2 Structure of This Thesis 
This section concisely describes the theme of each chapter and the logical links between them. 
Although this thesis covers a wide range of topics, there is a clear thread throughout this thesis. 
In Chapter 2, a thorough understanding of the fundamental characteristics of LEO satellite 
channel is addressed, which provides an application environment and scenario for the later 
discussion about a specific multiple access protocol. Firstly I address the well-known peculiar 
characteristics of LEO satellite communications link, such as Doppler shift and intermittent 
channel access. As for the statistics of the fluctuation of the received signal due to multipath 
fading and shadowing in the LEO satellite channel, the understanding is mostly based upon a 
background study of propagation characteristics relating to land mobile and geostationary (GEO) 
satellite mobile channels. A well-tested propagation model for the LEO satellite channel has not 
been developed yet because of the lack of real measurement data. As the rate of fading is essential 
for the multiple access protocol to be proposed, a roughly analytical result is presented to 
determine the order of the fading rate. 
In Chapter 3, diverse potential applications that can be well accommodated in little LEO satellite 
communication networks or little LEO constellation are addressed, among which are those 
involving short message transmission, such as global data collection and transportation tracking. 
Efficiently transmitting bursty short messages in the uplink channel of a LEO satellite becomes 
the core task of this research programme. An overview of multiple access protocols, particularly 
those proposed for satellite communications, is presented. Following that, a new frame-based 
slotted ALOHA multiple access protocol is proposed specifically for the short message 
transmission to LEO satellites. This protocol fully accounts for the long propagation delay and 
intermittent channel availability in the LEO satellite communications system, and the practical 
requirement smoothly to integrate the new protocol into the existing file transfer protocol for long 
message transmission. To stabilise and maximise channel throughput, a centralised control 
scheme is imposed, in order for the satellite to prevent the channel from being overloaded. The 
details of the control scheme are provided in Chapter 6. 
In Chapter 4, an insight into the capture effect existing in mobile radio channels -a beneficial 
natural factor for random access protocols is taken. The capture effect can substantially increase 
channel throughput of the random access protocols such as slotted ALOHA, therefore makes the 
framed-ALOHA protocol proposed in Chapter 3 of more interests. An overview of investigation 
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of the capture effect in mobile radio channels is presented, which is followed by two new exact 
evaluation models of the capture effect proposed by the author for coherent binary phase shift 
keyed (BPSK) and non-coherent frequency shift keyed (FSK) demodulation respectively. These 
evaluation models take into account the bit decision mechanism of demodulation and the effect of 
the receiver carrier synchronisation merit, thus they may produce more convincing estimates for 
the capture probability, compared to the previously published models. Using these two evaluation 
models, the capture effect in the LEO satellite channel is examined for the first time, and the 
result indicates that the framed-ALOHA protocol may be highly efficient in throughput 
performance. 
In Chapter 5, the theme of study is shifted to how to enhance the natural capture effect in the LEO 
satellite channel to further improve throughput performance of the random access protocols. A 
brief review of man-made capture effect in fixed/mobile radio channels is presented. Based upon 
generation mechanism of the capture effect, two new enhancements are proposed: ring-shaped 
division of the footprint and elevation-dependent power assignment. These measures make most 
use of the peculiar propagation characteristics of the LEO satellite channel, and their 
effectiveness is validated by simulation analysis based upon the evaluation models developed in 
Chapter 4. The research result demonstrates that these enhancement measures can significantly 
increase maximum throughput of the framed-ALOHA protocol and the stable operation range, 
especially when the uplink margin is sufficiently large. 
Chapter 6 focuses on channel traffic control, which will be imposed on the framed-ALOHA 
protocol in order to stabilise and maximise the channel throughput, as ALOHA systems are 
unstable in the absence of traffic controls. A centralised first-order recursive transmission control 
policy is proposed. Its goal is to maintain the effective traffic load actually offered to the shared 
uplink channel at a nearly constant, optimum level, no matter what the aggregate traffic 
composed of new arrivals and backlogged packets is. The control policy is based upon maximum 
likelihood estimate (MLE) of the offered load in the presence of the capture effect. Throughput- 
delay performance of the framed-ALOHA protocol under this control policy is investigated at a 
constant channel input load. Dynamics of the framed-ALOHA protocol are also examined at 
constant, time-variant and impulse-like input load respectively. Analysis and simulation show that 
this centralised control policy performs very well, even if the input load dramatically changes 
from time to time. 
In chapter 7, an in-orbit measurement for fading characterisation of LEO satellite channel is 
addressed. The fading characterisation based upon the real channel measurements provides for us 
with practical parameters to use in this research and other relevant researches, otherwise 
theoretical or empirical ones have to be adopted. A measurement scheme is described in detail, 
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and is implemented by using a versatile digital signal processing (DSP) payload in the UoSAT 
spacecraft platform. This in-orbit measurement is expected to lead to a fading statistical model of 
the LEO satellite channel eventually, after extensive measurement campaigns are completed. An 
initial measurement has been conducted using the Mission Control Station (MCS) in the VHF 
band. The statistical analysis of the measured data reveals basic fading characteristics of the LEO 
satellite channel. As far as the author knows, it is the first attempt to conduct such measurements 
using a real LEO spacecraft. It is due to the unique experimental utilities established by SSTL and 
Surrey Space Centre (SSC). The techniques for data measurement and statistical analysis can be 
used by later researchers to complete LEO uplink characterisation. 
Chapter 8 summarises this research and addresses a number of significant original achievements 
accomplished. Some further considerations or recommendations for future work are briefly stated, 
such as integration of the framed-ALOHA and TD-SRMA, implementation of the maximum 
likelihood estimator and theoretical analysis of the recursive control algorithm. 
1.3 Novel Work Accomplished 
During the course of this research programme, a number of significant original achievements have 
been made. These include: 
- Development of exact evaluation models of the capture effect for coherent BPSK and non- 
coherent FSK demodulation, respectively. The capture effect in LEO satellite channel is the 
first time investigated by using these models. 
- Design and evaluation of two novel schemes, ring-shaped division of the footprint and 
elevation-dependent power assignment for enhancing the capture effect in LEO satellite 
channel, and consequently improving throughput of the uplink channel of the LEO satellite. 
- Design and evaluation of frame-based slotted ALOHA multiple access protocol specifically for 
short message transmission. This framed-ALOHA protocol suits the scenario of the LEO 
satellite store-and-forward communications and can make use of the capture effect to improve 
throughput performance. 
- Proposal and evaluation of centralised recursive control algorithm based upon MLE for 
channel traffic load. It can globally stabilise and maximise throughput of the uplink channel of 
the LEO satellite communications when imposed on the framed-ALOHA protocol. 
- The first in-orbit measurement for fading characterisation of LEO satellite Very High 
Frequency (VHF) channel has been designed, developed and conducted by using a LEO 
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spacecraft platform and a DSP payload. This measurement has produced some valuable data 
revealing fading characteristics of LEO satellite VHF uplink channel. 
In summary the research reported in this thesis develops and evaluates a complete novel scheme 
for short-message uploading to LEO satellite. The research provides a foundation for further 
practical implementation and for deeper academic investigation. 
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A thorough understanding of the fundamental characteristics of LEO satellite 
channel is addressed, which is essential to developing a specific multiple access 
protocol. While many peculiar characteristics of LEO satellite communications 
link have been known, the understanding of the fluctuation of received signal 
due to multipath fading and shadowing in the LEO satellite channel is mostly 
based upon a background study of propagation characteristics relating to land 
mobile and GEO satellite mobile channels. A simple two-path analytical model 
is presented roughly to determine the order of the fading rate in the LEO 
satellite channel. 
2.1 LEO Satellite Communications Link 
A satellite communication link can be represented by a simple and general transmission equation 
(2.1) [62], which gives an overall view of a satellite communications link. It describes how and 
why each factor or component in a satellite communications system affects the communication 
link and depicts the relationship among these factors. 
PR = PT + GT + GR +LD +LA (dB) (2.1) 
where the effects of the medium are illustrated by free space path loss LD and attenuation LA. The 
attenuation LA includes precipitation, atmospheric absorption, antenna pointing loss, propagation 
effects, etc. This equation relates the required received power PR to the transmitter power PT, the 
receiver antenna gain GR, the transmitter antenna gain GT and the effects of medium LD and LA for 
a link budget calculation. Free space path loss LD is given by the following equation [62]. 
4Trd 2 
= 201og(4,7d 
1 
(dB) (2.2) 
where d is the distance and A is the wavelength of radio wave. The effects of height of an orbit 
and range distance from satellite to groundstation on communication characteristics can be 
predicted from this. The choice of communication frequency is obviously related to this equation 
as well. Equation (2.1) and (2.2) are the basic equations for link analysis. 
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A figure of merit of a digital communication system is bit error rate (BER) performance. This 
figure of merit is typically measured by BER against energy per bit to noise density Eb/No. This is 
related to the modulation scheme employed, and the following formula for instance is the BER of 
coherent BPSK demodulation [ 12]. 
BER =1 erfc 
KEb 
2 No 
(2.3) 
The relationship between Eb/No and carrier to noise ratio (C/N) is given by the following formula. 
C Eb Rb 
N No B 
(2.4) 
where Rb is bit rate and B is bandwidth of modulated signal. C/N is directly related to the received 
power PR. Therefore the design of a radio communication system normally starts with 
determining the required receiver power PR, then selects and calculates the rest of the parameters 
to satisfy the transmission equation. The required receiver power PR is determined by the BER, 
which is settled by the requirement of application. 
The orbits of LEO satellites fall within the range of 500-2000 km, which is bounded by outer 
atmospheric drag and the start of the Van Allen radiation belts. Different physical orbit 
configurations give rise to differences in the space environment, the visibility of satellites and 
their communications characteristics. The relative movement of LEO satellites with respect to the 
Earth determines the time-variant characteristics of LEO satellite channel, such as variations in 
path loss, Doppler frequency shift and communication availability. 
2.1.1 Variation of Free Space Loss 
The free space loss (FSL) in a satellite communications system is determined by the distance 
between the satellite and a specific groundstation. The path length vanes dramatically as the LEO 
satellite rises above the horizon to maximum elevation angle and sets below the horizon again, 
resulting in variations in FSL and propagation delay for a specific pass. The elevation angle for 
each pass vanes from 0° to the maximum elevation of the pass, which changes from pass to pass. 
Formula (2.5) returns the slant range d, which is a function of the elevation angle a for a satellite 
at height h above the Earth. 
d =, j(R+h)2 -R2 cos2 a -Rsina (2.5) 
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where R is the local radius of the Earth at the groundstation. The minimum and maximum slant 
range are obtained by setting a---900 and a=O°, which returns 775 km and 3238 km respectively 
for a 775 km orbit. An orbit of 775 km is chosen throughout the research for no special reason, 
only because it is within the range of LEO orbits, and is used by one of UoSAT satellites. The 
associated one-way propagation delay therefore varies from 2.6 ms to 1 lms. The variation in FSL 
is plotted using (2.5) in Figure 2-1 for a range of typical orbital heights of UoSAT satellites. It 
shows that the FSL varies by over 12 dB for an overhead pass of a satellite in a 775 km circular 
orbit. The maximum variation of the FSL for a satellite at 1200 km is more than 10 dB. 
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In order to equalise the variation in FSL, a precisely beam-shaped antenna is needed. Some 
endeavours have been made in the antenna design for the UoSAT microsatellites [4]. However, 
only simple-structured antennas can be fit on the UoSAT spacecrafts. Thus it is difficult fully to 
compensate by advanced antenna design for the variation of FSL at different elevation angles. As 
an example, Figure 2-2 presents a combination of the FSL and the antenna gain compensation, 
which is plotted based upon the down link specification of PoSAT [109]. The combination of the 
FSL and the antenna gain compensation is called `link loss' in this thesis. 
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Figure 2-2 A combination of FSL and antenna gain compensation in PoSAT 
2.1.2 Doppler Frequency Shift 
Doppler frequency shift, the difference between observed frequency and transmitted frequency, is 
caused by the relative motion of the satellite in its orbit and a groundstation on the Earth. Doppler 
shift Df is calculated by the following formula. 
Dff f (2.6) 
c 
where v is the relative velocity of a transmitter and a receiver, f is the transmitted frequency, and c 
is the velocity of the light. In LEO satellite communications, a significant Doppler shift, ±3.3 kHz 
at 146 MHz, can be caused by the high relative movement of a satellite in 775 km circular orbit to 
a fixed groundstation, with relative speed up to 7.8 km/s. The Doppler shift contributed by the 
ground velocity of a mobile terminal is insignificant, and can be ignored in most cases. Since 
there is no relative motion between a geostationary satellite and the Earth' surface, the only cause 
of Doppler shift is the ground motion of mobiles where it contributes only 13 Hz at 146 MHz with 
a vehicle speed of 100 km/h. 
The Doppler shift experienced by a fixed groundstation during a transit of a LEO satellite depends 
upon the pass geometry and the satellite orbit. With a few simplifications, a single formula can be 
derived, which depends only upon the maximum elevation angle reached during a pass. Assuming 
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a circular orbit and ignoring the effect of rotation of the Earth during the pass, the Doppler shift at 
time t can be approximated by Formula (2.7) [22]. 
Df (t) -- 
2#R(R + h) cos t sin(2rt/T) (2.7) 
cT 2R(R + h)(1- cos (D cos(27alT)) +h2 
where f is the carrier frequency, and T is the orbit period, and c is the angle between the orbital 
plane, and the vector joining the Earth's centre and the groundstation. The term cos(D is given by 
Formula (2.8) [22] 
2 
cos (D =R 
cos 
2a+ 
sin a 1- 
R cos2 a 
R+h h)2 
(2.8) 
Two sets of Doppler shift curves for the passes of maximum elevation angle 20° and 90° are 
drawn using (2.7) in Figure 2-3. They are calculated for an uplink frequency of 146 MHz and a 
LEO of 775 km. They illustrate that a maximum positive Doppler shift is experienced initially on 
acquisition of the signal, reduces to zero at time of closest approach, and is maximum negative at 
time of loss of signal. The highest change rate of Doppler shift occurs near closest approach, and 
Doppler shift becomes more severe for higher elevation passes. The maximum Doppler shift at 
the uplink frequency of 146 MHz is ±3.3 kHz, and the maximum Doppler shift rate is 30 Hz/s. 
Both the frequency offset and the frequency change rate impact on the RF design and choice of 
modulation schemes. In a narrow band communication system, as implemented in a typical 
UoSAT, Doppler compensation must be employed to keep the signal within the bandwidth of the 
receiver. A satellite appears to have a different relative velocity and Doppler shift for each of 
multiple groundstations served by the satellite in its footprint. The Doppler shift can therefore not 
be compensated for on the satellite, as it would only be valid for a single station. Consequently the 
groundstations must compensates the Doppler shift on the uplink transmitter and the downlink 
receiver. 
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Figure 2-3 Doppler frequency shift for an uplink at 146 MHz 
2.1.3 Availability of Communications Channel 
Coverage and orbital period are determined by the satellite orbit. The UoSAT satellites launched 
to date employ primarily circular LEO with an orbital height from 500 km to 1300 km. At these 
heights, the coverage circle of the satellite is about 5200 km to 8500 km in diameter. The orbital 
period for a 775 km orbit is of the order of 100 minutes, and available communication time with a 
single satellite pass lasts up to 15 minutes, which corresponds to the maximum elevation angle 
pass. 
In order to gain insight into which propagation effects are most pronounced in a LEO satellite 
communication system, we calculated the probability that a satellite is at a certain elevation angle 
at any time. The calculation is based upon the assumption that the groundstations with which the 
satellite communicates are uniformly distributed within a footprint. The assumption leads to ß, the 
angle between the vector joining the Earth's centre and the satellite, and the vector joining the 
Earth's centre and the groundstation, having the following probability distribution function 
(P. D. F. ) 
Fß(ß)= 
max 
(2.9) 
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where 8,,,,, is the maximum 8 can reach while keeping visible to the satellite. From the 
geometrical relation between ß and the elevation angle a as shown in Figure 2-4, we can derive 
the following formula 
tan-' 
(R+h)cosp-R 
a= (R+h)sinß 
where h is orbit height and R is local radius of the Earth. 
Surface of the Earth 
Figure 2-4 Relation between 8 and the elevation angle a 
Assuming ) fa(a) to be the reverse function of (2.10), we get below the P. D. F. of a 
Fa(a)=I- 
fa(a) 
fa (amin 
(2.10) 
(2.11) 
where /3 X 
fa(a, T,;,, ). By using 
(2.11), we computed percentage of communication time above a 
certain elevation angle for a 775 km orbit, and the result is plotted in Figure 2-5. It shows that 
majority of communication time is at lower elevation angles. Only 23% of available 
communication time is spent at elevation angles greater than 20°. This statistics shows that the 
propagation effects associated with low elevation angles need to receive more attention. The 
statistical simulation of the communication time in [22] generated a very similar result for an 800 
km orbit, where logging elevation data for groundstations in various locations was statistically 
processed using a satellite-tracking software. 
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2.1.4 Choice of Communication Frequency 
The varying link characteristics and effects of propagation on LEO satellite channels are mainly 
determined by or related to the choice of communication frequency. Choosing a communication 
frequency normally commences with considering the requirements of applications, and is then 
checked by radio regulations, which have been made by international and local radio committees 
to meet the requirements of various applications and to avoid radio interference. 
Generally, path loss and Doppler shift become more significant at higher frequencies as shown in 
Table 1, and also the complexity and cost of a system grow with the increasing of frequencies. 
Most LEO satellite communication systems use or intend to use the lower VHF/UHF frequencies 
mainly to reduce Doppler shift. The lower path loss of lower frequencies can compensate the loss 
in antenna gain due to the requirement of using low gain antenna on spacecraft to match wide- 
angle coverage of LEO satellites. 
Small satellites are power and mass limited, and this naturally leads to a preference for lower 
communication frequencies with narrow bandwidth. The early UoSAT microsatellites carry radio 
amateur payloads, hence the selected frequency bands were those of the amateur satellite service, 
namely VHF (145-146 MHz) and UHF (435-438 MHz). In order to support communications to 
small terminals, the lower frequency band is used for the uplink, minimising the power required 
from small terminals. The use of VHF bands for the uplink and UHF band for the downlink in 
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`little LEO' small satellite communications has been confirmed in 1992 World Administrative 
Radio Conference (WARC-92). The later commercial missions of UoSAT series microsatellites 
have now employed frequencies in the newly allocated VHF and UHF bands. 
Table 1 Doppler shift in 800 km LEO 
Bandwidth in UoSAT 
(kHz) 
Max path loss 
(dB) 
Max Doppler shift 
(kHz) 
VHF at 150 MHz 12 146.32 ±3.3 
UHF at 430 MHz 155.47 ±9.5 
L-band at 1.5 GHz 166.32 ±33.2 
C-band at 3.5 GHz 173.68 ±77.3 
2.2 Propagation Effect of Mobile Channels 
In the 1980s, as a consequence of the growing interest in the mobile satellite services, some effort 
was devoted to modelling non-selective multipath fading and shadowing in the channel of the 
GEO satellite-based communication systems [20] [24] [35] [38] [58] [61] [110]. Various 
organisations and industries are also obviously interested in the research on propagation 
characteristics of LEO satellite channels, but not many results have been published because of the 
lack of space segment hardware and software for the channel propagation measurement. The 
publications tend to discuss the propagation characteristics of the LEO satellite channels by using 
measurements from land mobile or GEO satellite-based mobile communications [57] [61] [94]. A 
few experimental satellites have been launched to investigate the propagation effects of the LEO 
satellite channels. For example, one of UoSAT microsatellites - S80/T, has been launched into 
1300 km and 66° orbit to investigate the interference characteristics of the LEO VHF frequency 
allocations using an experimental communication payload [69] [70] [71]. 
2.2.1 Land Mobile Channel 
Land mobile communications have been developing for decades, and extensive studies on the 
propagation of the land mobile channels have been carried out by theoretical analysis, computer 
modelling and hardware emulation, which are based upon intensive practical measurements [55]. 
In terrestrial cellular mobile communications, the transmission between a base station and a 
mobile station takes place via multiple paths. In most urban situations, a line-of-sight signal does 
not generally exist, whereas multiple paths are formed by reflections and diffraction of the signal. 
Reflections include both specular components and diffuse components. Diffraction occurs when 
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the signal path is blocked by buildings. The effect of propagation in land mobile channels can be 
classified into signal fluctuation, signal attenuation and pathloss. 
In land mobile channels, statistics of the fluctuations of the signal amplitude is Rayleigh 
distributed within a small area, and the signal phase is uniformly distributed. The p. d. f. of 
Rayleigh distribution is given by: 
2 
fr (x) _2 exp -22 (x >_ 0) (2.12) 
Ur 6r 
where x is the signal amplitude [9]. 
Signal attenuation is mainly caused by shadowing due to buildings and trees, which is normally 
described by the log-normal distribution [9], as formulated in (2.13) 
fs (y) =1 exp _ 
(In y- PS) 2 (y ? 0) (2.13) 72; Tyy 26S 
where y denotes the local-mean of the fluctuation of the signal amplitude. In the case of cellular 
VHF/UHF radio networks with propagation paths of 1 to 60km, the signal multipath fading 
calculated by (2.12) and the signal shadowing calculated by (2.13) are generally assumed to be 
multiplicative. Moreover they are mostly assumed to be mutually independent [102]. This leads to 
the p. d. f. of the instantaneous received power PR, conditioned upon the area-mean power PR 
fPn (PR I PR) _ 
00 i1 
ex_ 
in2 CR ýR2) Jexp- 
PR PR ZTC6 26 2 0 ppR p 
This is sometimes called a Suzuki distribution [102]. 
2.2.2 GEO Satellite-Based Mobile Channel 
(2.14) 
The propagation of GEO satellite mobile channels is different from that of land mobile channels 
due to the presence of direct path and additional signal fluctuation caused by Ionospheric and 
Tropospheric disturbances [38]. As in the terrestrial mobile situation, the transmission between a 
satellite and a mobile earth station takes place via multiple paths. A direct path can be ensured at 
most cases in the GEO satellite mobile communications, and the diffuse components are expected 
to be at least 10 dB less than the direct path. The signal amplitude normally follows Rician 
statistics due to the direct path [38]. 
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The direct wave suffers from FSL, Tropospheric disturbance, Ionospheric disturbance and 
possible shadowing. Shadowing is the attenuation to the direct path due to trees and buildings, and 
it is the dominant impairment in the satellite mobile channels [38]. 
Ionospheric disturbance includes Faraday Rotation and Ionosphere Scintillation [ 13] [3 8]. Faraday 
Rotation is caused by the interaction of a radiowave with electrons in Ionosphere, in the presence 
of the Earth's magnetic field. The effect of Ionospheric Scintillation is rapid fluctuation of the 
amplitude and phase of a radiowave, which decreases with the increase of the frequency. The 
effect of Ionospheric disturbance is rather low in comparison with the impairments of the 
shadowing and multipath fading. 
Troposphere Refraction is caused by Tropospheric refractive index variations, and the problem is 
the most pronounced at low elevation angles below 5° [38]. The effects of Troposphere Refraction 
are changes in the angle of arrival or the amplitude of a radiowave. 
Statistics of the fluctuations of the signal amplitude are dominated by Rice distribution in GEO 
satellite mobile communications due to the presence of direct path [25] [62]. The following 
formula represents the p. d. f. of Rice distribution: 
(x2+A2) 
fR (x) = 
x2 
e 26r 
2 
1o xA (x >_ 0) (2.15) 2 
6r Ur 
where A is the amplitude of the signal through the direct path, aß. 2 is the power-sum of the diffuse 
components and Io denotes the zero order modified Bessel function of the first kind. 
2.2.3 LEO Satellite Mobile Channel 
The propagation characteristics of the LEO satellite channels are very different from those of land 
mobile and GEO satellite mobile channels. A well tested propagation model for LEO satellite 
channel has not been developed yet because of the lack of channel measurement data, while 
propagation models of both land mobile and GEO satellite-based mobile channels have been well 
documented. A thorough theoretical analysis based upon practical measurements in different 
environments is necessary to build up propagation model for LEO satellite channel. 
C. Loo proposed a statistical model for the land mobile satellite channel, which was specified for 
rural area environment [57]. Characteristics of the channel were obtained under the hypothesis 
that foliage not only attenuates but also scatters radio waves at UHF and L-band frequencies. The 
model assumes that the line-of-sight component under foliage attenuation (shadowing) is 
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lognormally distributed and the multipath effect is Rayleigh distributed. Additionally, these two 
random processes are assumed to be correlated. The model was verified by channel measurements 
undertaken by means of a helicopter flying at a fixed elevation angle of 15°, with respect to the 
receiver within a rural area of 35% percent tree coverage. Comparisons between the model and 
the measured data were made in infrequent light shadowing (sparse tree cover), frequent heavy 
shadowing (dense tree cover) and overall results (the combined light and heavy shadowing). 
E. Lutz et al introduced a two-state model, which is Rician under good propagation conditions and 
Rayleigh-lognormal otherwise [61]. The `good' channel condition corresponds to areas with 
unobstructed `view' of the satellite (unshadowed areas), whereas the `bad' channel conditions 
represents areas where the direct satellite signal is shadowed by obstacles. In both of these cases, 
the signal is reflected from a large number of objects in the surroundings of the mobile station. 
The model was based upon the measurement campaign taken between the MARECS GEO 
satellite and a cruising van at elevation angles of 13°-43°. An example of `bad' propagation 
conditions was an area with narrow streets in the old city of Munich, which shows a high- 
frequency fading process. A `good' instance is on highway, which shows infrequent fading of the 
received signal power for most of the time. 
G. E. Corazza and F. Vatalaro presented a probability distribution model, in which the signal 
amplitude is a combination of Rice and lognormal statistics, with shadowing imposed both direct 
and diffuse components [20]. The received signal envelope x agrees with the p. d. f. given by 
00 
.f 
(x) = Jfr (x I A)fA (A)dA 
0 
In (2.16), fr(x I A) is a Rice p. d. f., conditioned upon a certain shadowing A: 
fr(x1A)=2(K+l) 
2 
2e XP -(K+1)Ä2 -KJIoý2Ä 
K(K+1)J 
(2.16) 
(2.17) 
where Io is the zero order modified Bessel function of the first kind, and K is the so-called Rice 
factor. The shadowing A is lognormal with p. d. f.: 
z 
. 
fA (A) =1 exp _1 
In A- fý 
2? r 6A 26 
(2.18) 
where ,u and 
o are the mean and the variance of the associated normal variation, respectively. 
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The model can be applicable in all types of environments (rural, suburban, urban) by adjusting the 
model parameters. In particular, in built-up areas it reduced to the well-known and well-tested 
Suzuki model (i. e., Rayleigh-lognormal). Furthermore, the model was extended to the LEO 
satellite channels by invoking three empirical regression formulae for u, 6 and K [20]. The three 
parameters are plotted using these empirical formulae against elevation angle in Figure 2-6. The 
resulting hybrid empirical-probability distribution model was validated against measured data 
obtained from [57], and fitted these data over a wide elevation angle range of 20°-80° 
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Figure 2-6 Rician fading and lognormal shadowing varying with elevation angle 
It is noteworthy that most area of a footprint is at lower elevation angles, for example, 77% area 
of the footprint is below elevation angle 20° for a 775 km orbit. It indicates that the fading in the 
LEO satellite channel is much stronger than that in the GEO satellite mobile channels. So far, 
however, no substantial channel measurement campaign has been undertaken with an aim at 
producing a published fading model for the LEO VHF/UHF channel. 
2.3 Two-Path Model and Analysis for Fading Rate 
To approximately estimate the rate of multipath fading a stationary groundstation is subject to in 
the LEO satellite channel, we examine here an extremely simple two-path fading situation, 
through which the order of the fading rate can be figured out, though far from exactness. 
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The two-path fading model is illustrated in Figure 2-7. The model assumes that the groundstation 
is fixed at point D during communication, while the satellite flies from point A to B then C, etc. 
Without loss of generality, the model assumes that the satellite flies in the direction vertical to the 
reflecting surface of a near obstacle. The distance from the groundstation to the satellite is d. The 
reflecting point is b meters away from the groundstation. The angle between the two outgoing 
paths is 0. If we choose a LEO orbit of 775 km, flying speed of the satellite, denoted by v, is 
roughly 7.8 km/s. 
_> 
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Fb 
Figure 2-7 Diagram of a simple two-path fading 
From sinusoidal theorem, we have 
dgb 
sin ýo sin q- sin(O + cp) 
(2x 19) 
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Hence, 
During the satellite's flying from A to B then to C, our concern is the difference between the two 
paths and its change rate, one related to the fading and the other related to the fading rate. By 
means of Figure 2-7, we can get 
When the satellite flies to point B, the above items become 
po = tan-' _d 
sind (2 20) 
b+d cos 
dsino 
(2.21) g= 
sin ýq 
Fa =g cos(ý9/2) 
Fb =b cos(cp/2) 
Ga =g sin(ý9/2) 
Gb = bsin(cp/2) 
G = (g + b) sin(cp/2) 
(2.22) 
Fai =g cos((p/2) + vst 
FF =b cos(cp/2) 
Gal = 
(g + b) sin(gp/2)(g cos(g9/2) + vst) (2.23) 
(g + b) cos(cp/2) + v, t 
G 
(g + b) sin(ý9/2)b cos(g9/2) 
(g + b) cos((p/2) + vst 
where t is the time spent to fly to B. Then we have, 
gl = Fay 
2+ Gai 2 
b1 = 
j2+G2 
ý2 2 d1 = (Fal - Fý +G 
Finally, the path difference normalised with wavelength c/f is 
S(t) _ (g1(t) + b1 (t) - d1(t)ý 
f 
(2.24) 
(2.25) 
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where c is velocity of light, and f is carrier frequency. Assuming that the reflected component is as 
strong as the direct component (the worst case), within t seconds, change of the combined signal 
in amplitude is 
A(t) cos(ir8(t)) 
A(O) cos(ir(5(0)) 
(2.26) 
Using the above formulae and a carrier frequency of 146 MHz, we completed two sets of 
calculation with different angle of 0, one corresponding to a reflecting object at 20 meter distance, 
and the other corresponding to a reflecting object at 100 meter distance. In the calculation, the 
distance d is set 2300 km, which corresponds to an elevation angle of 10° for a 775 km orbit. The 
results are shown in Figure 2-8 to Figure 2-11. Generally, the farther the reflecting point, the 
weaker the received reflected signal (due to more intermediate obstacles in a practical 
environment), the faster the rate of fading caused. Therefore, the near obstacles contribute most of 
the multipath fading. From these simple analytical results, we may deduce that the interval 
between obvious fading is roughly at the order of a few seconds. 
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2.4 Summary 
In this chapter, the fundamental characteristics of LEO satellite channel were addressed, and the 
peculiar features of LEO satellite communication link such as big Doppler shift and intermittent 
channel availability were illustrated. The statistics of the received signal fluctuation in LEO 
satellite channel, which is more important to this research, were also discussed based upon a 
background study of propagation characteristics relating to land mobile and GEO satellite mobile 
channels. To determine the order of the rate of multipath fading in LEO satellite channel, which is 
particularly correlated to the remainder of the research, a simple analytical model was developed 
and has generated a rough estimate of slow fading. The fading statistical characteristics, with 
other factors, determine the capture effect that can improve throughput performance of random 
access multiple protocols. It is noteworthy that majority of communications are completed at low 
elevation angles, thus the propagation effects associated with low elevation angles need to receive 
more attention. 
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Efficiently transmitting bursty short messages in the uplink channel of LEO 
satellite is of great significance. Many potential applications for LEO satellite 
store-and-forward communication systems involve short message transmission. 
Considering long propagation delay and intermittent channel availability, a 
frame-based slotted ALOHA multiple access protocol is proposed specifically 
for short message transmission. The framed-ALOHA protocol can also be 
smoothly integrated into the PACSAT protocol suite, which is being used in all 
UoSAT satellites for long file transfer applications. To stabilise and maximise 
channel throughput, a centralised control scheme is needed. 
3.1 LEO Satellite Store-and-Forward Data Communications 
LEO satellite store-and-forward data communications fall into Mobile Satellite Services (MSS), 
which refer to communication services relayed through satellites to and from mobiles (persons, 
cars, trucks and ships). The first movement towards the concept of a MSS system was realised by 
the International Maritime Satellite Organisation (INMARSAT) in 1982 when it offered a near 
global voice, data and telex service specifically for the maritime community. INMARSAT 
extended its target audience by providing aeronautical services in 1985, and in 1989, the company 
started offering services to land mobile users for the first time. Since the 1990s, a number of 
regional GEO satellite-based MSS systems have become operational, particularly in large 
countries with vast inhospitable regions where the provision of telecommunications services via 
cable or radio, is hard. 
During the past decade, various non-GEO satellite proposals have been put forward, among which 
are big LEO and little LEO solutions [59] [91] [99]. The little LEO satellites are designed to offer 
low bit-rate non-voice communications. Due to narrow band VHF/UHF transponders, the little 
LEO satellites have limited communication capacity: a few data channels per satellite. And also 
the little LEO constellations are less technically ambitious than their bigger counterparts. For a 
start, there are generally fewer satellites in the constellation, alleviating a lot of the complexities 
inherent in the big LEO systems. As a smaller and much cheaper counterpart of the big LEO, the 
little LEO has been receiving more and more attention in the area of global mobile data 
communications. There have been many little LEO satellites flying in space and offering 
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affordable global coverage store-and-forward data communications. SSTL has pioneered small, 
cost-effective, but highly sophisticated little LEO satellites. UoSAT microsatellites designed and 
manufactured by SSTL have represented current state of little LEO both in spacecraft platform 
and communication networking. 
3.1.1 Applications Being and To Be Accommodated 
The close proximity of the LEO satellites to the Earth user and the consequent reduction in 
propagation loss suit them to the specific applications which are technically difficult or 
uneconomical for traditional GEO communications satellites to provide - applications requiring 
direct access of small, less expensive and mobile user terminals to spacecraft. A single satellite in 
a highly inclined LEO is able to support global digitised information deliveries, which are able to 
tolerate long delivery delay and intermittent access to communication channel, while a little LEO 
constellation is expected to accommodate more diverse and more demanding applications, 
including near real-time data communications. LEqO proposed by SSTL is an equatorial 
constellation composed of 8 microsatellites, aimed at providing various data communication 
services in the equatorial region [99]. Another example is Orbcomm, which has been put into 
practical use. 
Currently, the UoSAT microsatellites support a file transfer application by means of the PACSAT 
protocol suite. PACSAT was first experimented in UoSAT-3 and succeeded [110]. Now it has 
been the most popular protocol suite for single LEO satellite networking, and widespread 
deployed in many little LEO satellites such as TechSAT-1, SUNSAT-1, AMSAT series and 
VITASAT. Potential applications to be accommodated in the little LEO satellite networking 
include: 
  Independent global email system 
  Positioning and tracking of transportation vehicle management 
  Global data collection of unmanned meters 
  Global two-way paging 
  Mobile computing 
  Monitoring and control of facilities 
  Retail point-of-sale reporting, credit card validations 
Some applications such as global data collection and transportation tracking involve short 
message transmissions. A `short message' is defined as a message fitting within one packet. In 
contrast to short message is `long message' like global email, which has to be transferred using a 
train of packets. To efficiently accommodate bursty short message transmission in the LEO 
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satellite scenario, a specific multiple access protocol has to be developed. By an intuitive 
calculation below, we can roughly estimate the order of the number of users to be supported in a 
LEO satellite network. Presumably consider that both long and short message transmissions are 
accommodated. Short messages are generated by unmanned meters at a rate of 2 readings/hour. 
Average size of the readings is 64 bytes. Long messages are generated by email users at a rate of 
10 emails/day. Average size of the emails is 2000 bytes. Furthermore, the multiple access protocol 
to be proposed has 30% overall overhead and 30% throughput for short message transmission, 
while these two measures are 40% and 80% respectively for long message transmission. Then, the 
LEO satellite with an uplink bit rate of 9.6 kb/s can support up to 3542 unmanned meters in any 
footprint, given 1240 email terminals being supported. Deduced from this fictive calculation, the 
LEO satellite network can support thousands of users in any footprint. 
3.1.2 Current Communication Protocols 
In PACSAT, broadcast protocol was developed as a basic download method, and `file server' 
rather than Bulletin Boards System (BBS) was offered as a basic service [110]. Global email 
service was implemented based upon this file server mechanism. PACSAT was developed for 
single LEO satellite networking where communications are intermittent, starting with satellite-rise 
and terminating with satellite-set. Meanwhile the type of users was supposed to be unitary, and 
the number of users was supposed to be small, a few hundreds across the world. All of these 
determined the philosophy of development of PACSAT protocol [110]. With respect to facts that 
the UoSAT microsatellites' up- and down-link are low bit-rate and strict network synchronisation 
is not economical for user terminals, Time Domain-Split channel Reservation Multiple Access 
(TD-SRMA) protocol was developed for PACSAT [110]. TD-SRMA protocol puts emphasis on 
increasing channel throughput, rather than communication delay, as the packet delay is less 
significant for a single LEO satellite networking - which is dominated by satellite access delay. 
To decrease protocol overhead and collision probability, damaged packets due to packet collision 
or interference were retransmitted via an ARQ algorithm at transport layer, namely `hole-filling' 
selective-repeat ARQ (SR-ARQ) [110]. A terminal uses request datagrams to reserve the uplink 
channel for a period of dedicated use. If the reservation is successful, the terminal exclusively 
occupies the channel until it finishes transmission for its current message, or the satellite 
withdraws the use of the channel to prevent a very long message from blocking other users. The 
received message is stored, as a file, in RAMDISK on-board satellite. A LEO satellite using 
PACSAT protocol suite functions as a file server in space. In contrast, a modified protocol has 
also been proposed at SSC, namely LEONET [15]. LEONET was intended to change a LEO 
satellite into an active switching node in space. To do so, a specific network layer is invoked and 
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designed. In LEONET, the satellite was supposed to be able to get complete knowledge of the 
user terminals in order to optimise protocol procedure, i. e., adaptive-polling of terminals. 
LEONET also assumed that the number of users to be supported is relatively small, a few 
hundreds of groundstations at most across the world, and only ten or more within any footprint. 
The adaptive-polling multiple access protocol in LEONET implicitly assumes that traffic 
generation of the groundstations is time-correlative and predictable. 
3.2 Multiple Access Protocols for Satellite Data Communications 
A multiple access protocol is an algorithm that co-ordinates the transmission of traffic among 
multiple users. The traffic includes retransmission of damaged packets and resolution of collided 
packets during contention periods. So far, a wide range of multiple access protocols have been 
proposed or developed for different operating environments with different user requirements. Part 
of the explanation for having many different multiple access protocols is that protocols suitable 
for some applications often would not meet the requirements for other applications. These 
requirements include provisions to support the different user traffic types, real-time applications, 
delay constraints, etc. The performance criteria for multiple access protocols include channel 
throughput, communication delay, buffer size, protocol robustness (stability) and protocol 
complexity. Satellite communications possesses some major constraints that eliminate a large 
number of multiple access protocols from consideration. For instance, the performance impact of 
the long propagation delay imposes certain limits on some classes of multiple access protocols 
that have been proposed for terrestrial local area and wide area networks. 
Multiple access protocols proposed for specific applications are numerous [76] [106]. Examples 
of various methods of multiple access protocol classification appeared in [46] [92]. Multiple 
access protocols can be classified based upon static or dynamic behaviour of the bandwidth 
allocation algorithm, upon the centralised or distributed control mechanisms, and upon the degree 
of adaptability of the allocation algorithm to changing needs. Figure 3-1 illustrates this 
classification. Most multiple access protocols for GEO satellite broadcast channels fall into 
random access, reservation access, and hybrid of random access and reservation access [80]. In 
active user protocols, the ready stations actively seek channel access instead of waiting to be 
polled. This class includes contention-free multiple access protocols and contention-oriented 
multiple access protocols. A multiple access protocol can be made contention-free either by static 
allocation or dynamic allocation of channel. 
In contention-free protocols, the station's transmission is not interfered with by any other 
transmission and it is therefore a successful transmission. This can be achieved by allocating the 
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channel to the station. An important advantage of contention-free access protocols is the ability to 
control the packet delay and hence the worst case delay can be determined. This is an important 
feature of the contention-free protocols that may be essential in real-time applications. In 
contention-free protocols a channel can be configured either as 1) fixed assigned channel, or 2) 
demand assigned channel. With demand assignment, a channel needs to be set aside for 
signalling. Access to the signalling itself is another multiple access problem. Demand assignment 
can then be accomplished by either a central controller or a distributed controller. Contention 
protocols can be grouped into random access protocols, reservation via contention protocols, and 
hybrid of random access and reservation protocols. 
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Figure 3-1 Classification of multiple access protocols 
3.2.1 Fixed Assignment Multiple Access (FAMA) 
In fixed assignment protocols, allocation of the channel bandwidth to stations is a static 
assignment, and it is independent of station activities. This can be done by partitioning the 
bandwidth space into slots, which are assigned in a predetermined fashion. In FAMA, channel 
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assignment is tight in the sense that it is the most rigid control and it is nonadaptive to traffic 
changes. This can be wasteful of capacity if small delay constraints are to be met. These 
techniques can be classified as orthogonal FAMA assignment protocols such as Time Division 
Multiple Access (TDMA) and Frequency Division Multiple Access (FDMA), and quasi- 
orthogonal FAMA such as Code Division Multiple Access (CDMA). 
The FAMA protocols are the most effective techniques for satellite networks composed of a small 
number of (<10) stations with stable and predictable traffic patterns. A FAMA protocol can be 
implemented either by means of FDMA or TDMA. FDMA was the first technique used in early 
multiple access for satellite communications, while TDMA has been used in recent years. 
3.2.2 Demand Assignment Multiple Access (DAMA) 
In situation where the traffic pattern is random and unpredictable, fixed allocation multiple access 
leads to inefficient use of transponder capacity [49]. It is desirable to design multiple access 
protocols that allocate capacity on demand in response to the station request for capacity. With 
decreasing processing cost, more sophisticated schemes such as reservation protocols were 
developed to significantly improve performance properties. Robert developed the first explicit 
reservation scheme in which slotted ALOHA was used for both transmission and reservation [89]. 
During about the same time, other schemes using fixed allocation for the reservation, as well as 
the use of implicit reservation in which the data packets constitute reservations were developed 
[6] [21] [39]. 
Dynamic allocation using an advance capacity reservation procedure based upon demand can 
increase transmission throughput. Reservation can be implicit or explicit [85]. In implicit 
reservation, reservation is made by occupation. An occupied slot by the packet from a given 
station remains assigned to the station for the frames that follow. The advantage is the absence of 
extra time needed for explicit reservation. In explicit reservation, a station sends a request to 
occupy certain time slots. The disadvantage of these protocols is the extra time required for an 
explicit reservation. There are two approaches to implement a global queue of requests for a 
population of distributed users, centralised reservation and distributed reservation. 
3.2.3 Contention-Oriented Reservation 
The objective of reservation protocols is to avoid collision entirely. Since users are distributed, a 
reservation subchannel is necessary for users to communicate with each other such that only one 
station can access the channel at a time. Most reservation protocols adopt either a fixed assigned 
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TDMA protocol or some variant of slotted ALOHA. There is some trade-off between channel 
stability and channel control mechanism. A TDMA protocol performs poorly for large number of 
users with bursty traffic. On the other hand, slotted ALOHA protocol is independent of the 
number of users, but it needs to be adaptively controlled for stable operation. Part of the price that 
one pays for the gain in the channel throughput by using contention-oriented reservation protocols 
is the increase in message delay. The minimum delay incurred by a massage, excluding message 
transmission time, is more than twice the channel propagation time. This is an important 
consideration for GEO satellite channels. 
Reservation-ALOHA (R-ALOHA) protocol [21] [48] is a distributed contention protocol with 
implicit reservation. Reservations are implicit in the sense that successful transmission in a slot 
serves as a reservation for the corresponding slot in the next frame. In R-ALOHA for GEO 
satellite communications, the channel is slotted and organised into frames of equal size. The 
duration of a frame must be greater than the satellite propagation delay. There are fewer slots per 
frame than there are stations. Initial access is random and slotted ALOHA is used during the 
contention period. Once the transmission is started, the same slot within succeeding time frames is 
reserved for the same station as long as it has data to send. All free and collided slots can be 
randomly accessed in the next time frame. R-ALOHA was originally proposed for users who 
generate long multiple-packet message or users with steady input traffic and queuing capability. If 
the average message length is long, the protocol performs as fixed assignment TDMA scheme. If 
the traffic is bursty, the protocol performs as slotted ALOHA, but the performance is less than 
slotted ALOHA if most messages are single packet long. 
In (PODA) [39], the time frame consists of a control part and data part. The boundary is adapted 
to the current load. Access to the control part can be determined or by ALOHA contention. All 
stations track the control part and maintain a queue to determine their proper access instances. 
Two distinct reservation mechanisms, datagrams and steams, are used to satisfy the requirements 
for both voice and data. Datagram reservations are made on a burst-to-burst basis. Stream 
reservations are made on a call-to-call basis. In the INMARSAT network [56], a special channel 
is used to request allocation of capacity for full-time voice and the data link is a random access 
channel. 
Split channel Reservation Multiple Access (SRMA) [106] [107] is a centralised and explicit 
reservation protocol in which FDMA or TDMA is used. The available bandwidth is divided into 
two channels, one to transmit control information, and the other to transmit data messages. The 
control bandwidth is further divided into the request channel and the answer-to-request channel. 
The request channel is operated in random access such as ALOHA or CSMA. When a request for 
transmission is received by the scheduling station, a central controller, it computes the time at 
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which the message channel will be empty and transmits an answer. The answer contains the 
address of the station and the time at which it can start transmission back to the requesting station 
using the answer-to-request channel. This protocol is implemented in the PACSAT New Upload 
Protocol, or NUP now used on some UoSAT satellites. 
3.2.4 Random Access 
This class of protocols is also called contention protocols. While in contention-free protocols 
every scheduled transmission is guaranteed not to be involved in collision, the random access 
protocols do not guarantee this in advance. There is no attempt to coordinate the ready users to 
avoid collision entirely. Instead, each station makes its own decision regarding when to access the 
channel. Random access, which involves no control, is simple to implement and is adaptive to 
varying demand, but in some situations it can be wasteful of capacity due to collision. An early 
approach for packet satellite systems was based upon random access for all data and control 
packets. In particular, pure-ALOHA with 0.18 channel throughput and slotted-ALOHA with 
0.368 channel throughput were used. 
The ALOHA system was the first packet radio network developed by Abramson [1] [7]. It 
consisted of a single-hop access comprising two radio channels, a multiaccess channel which the 
terminals shared to reach the central computer, and a broadcast channel which the computer used 
to transmit responses back to the terminals. This work led to the development of a multihop 
packet radio network called PRNET [41 ]. PRNET is an extension of ALOHA system that allows 
direct communications among mobile users. In pure-ALOHA protocol, stations are not 
synchronised in any way. Each station transmits a data packet whenever one is ready. In the event 
that one or more packets collide, each user realises collision occurrence after R seconds (the 
collision detection time) and retransmits the packet after a randomised delay. This randomised 
delay is crucial to stable behaviour and thus to throughput-delay performance of all contention- 
based protocols. 
In slotted ALOHA protocols [2] [42], stations are required to synchronise their packet 
transmissions into fixed-length channel time slots. The maximum channel throughput is 0.368. A 
tree-algorithm for collision resolution [10] provides another improvement approach to ALOHA 
protocol by avoiding the possibility that a packet which has already been collided encounters 
another packet during its retransmission. This protocol needs a procedure to identify and 
retransmit packets, which have suffered a collision. This protocol tends to be complex to 
implement, though it reaches up to maximum throughput of 0.5. 
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Some of other proposed random access protocols are Selective Reject ALOHA (Sel. Rej. 
ALOHA), Carrier Sense Multiple Access/Collision Avoidance (CSMA/CA), Carrier Sense 
Multiple Access/Collision Detection (CSMA/CD) etc.. 
3.3 Framed-ALOHA Protocols for Short Message Transmission 
Generally, contention protocols are the most suitable for the application scenario where there are a 
large number of users infrequently generating short message, while contention and message-to- 
message based reservation protocols are the best candidates for the application scenario where 
there are a number of users infrequently generating medium-length messages. Call-to-call based 
FAMA protocols are the most efficient for stream-type traffic, such as voice communications. 
Therefore, the protocol to be developed for the little LEO will be a combination of random access 
protocol and contention-oriented reservation protocol. It will be able to efficiently support both 
short and long message transmissions. 
3.3.1 Control-Centralised Framed-ALOHA 
Low Earth orbit and constant movement of the satellite relative to a fixed point on the surface of 
Earth give LEO satellites the following characteristics. 1) Much shorter propagation delay than 
GEO satellites, but still very long compared to terrestrial packet radio networks; 2) big Doppler 
frequency shift and rate result in difficulty and complexity of channel synchronisation; 3) 
intermittent communication services and long delivery delay when single satellite is used. 
The practical application scenario and the implementation of groundstations impose two specific 
further limitations or requirements on the multiple access protocol. 1) Continuously maintaining 
network synchronisation is unnecessary and uneconomical, because communication service is 
intermittent for every groundstation in a single satellite network, starting when the satellite rises 
from the horizon, and ending when satellite sets; 2) up- and down- link are used by different users 
for different applications at any time, for instance, the up-link is uploading email data from some 
user groundstation, at the same time, the down-link is downloading an image file to another user 
groundstation. Therefore, a practical protocol for up- and down-link should impose as little 
demand or affect on each other as possible. 
Considering all the above factors, the author designed a frame-based slotted ALOHA for short 
message transmissions in LEO satellite application scenario. The frame layout and functioning 
sequence is illustrated in Figure 3-2. The invitation packets are broadcast by the satellite on a 
frame-to-frame basis. Frames are divided into two parts, one for multiple access by slotted 
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ALOHA, the other for dedicated use by TD-SRMA. The TD-SRMA part is of varying length, 
controlled by TD-SRMA protocol and appropriate to the file being transferred. Therefore, frame 
length varies. 
For synchronisation, all the users that have packets to send and correctly receive an invitation 
packet use the invitation packet to delimit the current frame and each slot in it. A guard gap must 
be reserved between slots. The size of the guard gap and its effect on the channel throughput are 
discussed in the next section. The users finishing synchronisation randomly choose one slot to 
transmit a packet in the current frame. The acknowledgements (ACKS) to all successful 
transmissions will be inserted in the next invitation packet to be broadcast. The packets damaged 
due to interference or packet collision will be retransmitted in the next frame through the same 
procedure. After randomly choosing a slot in a frame, whether the user actually transmits a packet 
is also controlled by transmission probability, which is broadcast in the invitation packets. The 
transmission probability is calculated according to the current channel offered load, which can be 
estimated by the satellite. 
By sending a list of ACKs only at the beginning of each frame, instead of an ACK at the end of 
each slot like `standard' slotted ALOHA, the satellite is able to maximally decrease the affect of 
the up-link protocol on the down-loading at the cost of increasing packet delay. The ACK-list also 
helps reduce the guard gap reserved for maximal round-trip propagation difference among 
groundstations, as long as every individual groundstation can estimate its distance to the satellite, 
which is the case for most little LEO systems. Regarding the fact that packet delay is less 
important than channel utilisation in a single LEO satellite network, the protocol both benefits 
from slotting and avoids imposing costly implementation demands. 
The TD-SRMA long message protocol also needs to use slotted ALOHA to send reservation 
packets for later dedicated use of the channel. The received reservations queue in the satellite, 
according to which TD-SRMA time segments of the channel are assigned. Obviously the 
reservation packet and short message packet should be controlled separately, since they have 
different traffic behaviour. One way is to set aside specific slots for the reservations. Another is 
simply to mix two kinds of slots together, but use different transmission probability to control 
them. Both ways ease integration of the framed ALOHA into the PACSAT protocol suite. 
33 
Chapter 3: Control- Centralised Framed-ALOHA Protocol 
Down-link transmission 
Up-link reception 
Down-link reception 
Up-link transmission 
Invitation packet 
IN Short message packet Long message packets 
or reservation packet 
Figure 3-2 Frame layout and functioning sequence of the framed ALOHA 
3.3.2 Guard Bands for Slotted ALOHA 
Slotted ALOHA needs a reserved guard time between time slots in a satellite channel, in order to 
overcome the propagation delay difference existing among the groundstations. Slotted ALOHA 
will be less efficient than pure ALOHA if a large guard time has to be reserved. The maximal 
round-trip propagation delay difference, denoted as tdprop, is 17 ms for an orbit height of 775 km. 
Limited to the implementation of the groundstations and UoSAT microsatellites, a groundstation 
may take a period of t, from the time an invitation packet is received to the time a buffered packet 
is actually sent out. t, has a maximal value of 14 ms if the orbit predict is used for Doppler 
compensation in the uplink [110]. If automatic frequency control is used for Doppler 
compensation, an extra 300 ms delay should be added to this 14 ms. These times are critically 
dependent upon implementation. 
With reference to the timing diagram of the protocol in Figure 3-3, the channel utilisation due to 
the guard time only is: 
77 _ 
tpacket 
= 
tpacket 
tslot (ti IMs I+ tpacket + tdprop 
(3.1) 
where tpacket is transmission time for a packet (ms), t,,,, is length of a time slot (ms), and Ms is the 
number of time slots per frame. We additionally insert the coordinates of the satellite in the form 
of (longitude, latitude) into the invitation packets. The groundstations also know their own 
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geographical location by built-in GPS receiver or other means. By using the satellite's and its own 
coordinates, each groundstation can calculate its distance to the satellite, and therefore the 
corresponding propagation delay. When the uplink channel operates at a rate of 9.6 kb/s, the 
channel utilisation against packet size before and after removing the affect of tdp, op is plotted using 
(3.1)in Figure 3-4. 
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Figure 3-3 Timing diagram before and after removal of propagation delay difference 
As well known, slotted ALOHA has double the throughput of pure ALOHA under optimum 
conditions. In the case that the negative effect of tdprop cannot be removed, slotted ALOHA is still 
better than pure ALOHA, as long as the packet size is no less than 23 bytes. After the negative 
effect of tdprop is removed, slotted ALOHA is always better than pure ALOHA. 
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Figure 3-4 Channel utilisation against packet size due to guard time only, MS = 10 
3.3.3 Throughput-Delay Performance of The Framed-ALOHA 
For the short message transmission in the UoSAT satellite networks, a large number of users 
share the uplink channel and the infinite user model precisely holds. The occurring times of new 
and retransmitted packets constitute a Poisson process with mean rate G packets/sec. In the 
framed-ALOHA system, the users having a new or backlogged packet to send uniformly 
(randomly) select a slot in the current frame and transmit it with a global transmission probability 
p when the traffic control is imposed. All the successful transmissions in the current frame are 
acknowledged in the next invitation packet. Although the assumption that the aggregate arrivals 
of new and retransmitted packets follow Poisson process is valid only when MS (the number of 
time slots per frame) is sufficiently large, Lam [51] had demonstrated that this assumption is a 
good approximation even with MS as small as five. We only concern ourselves with the channel 
throughput during the period of TALOHA in the framed-ALOHA (see Figure 3-2). Obviously it is 
exactly the same as the throughput of `standard' slotted ALOHA. From [93], the throughput of the 
framed-ALOHA S equals 
GN 
S= Pr {one 
_ 
packet 
-a -slot 
}=! exp(-G) =G exp(-G) (3.2) 
N=1 
which is the probability that exact one packet is transmitted in a time slot. We assume an ideal 
system where acknowledgements are never lost. Packet delay D is defined as the interval between 
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the time a packet is generated in a station and the time the station receives an acknowledgement to 
successful transmission of the packet. A packet waits 0.5Tf on an average before it is possible to 
be transmitted in the framed-ALOHA system. The packet is transmitted G/S times on an average 
before successful transmission. Under the control of transmission probability p, one transmission 
or retransmission need take X,,, frames time. Random variable X,,, has a p. d. f. of fz(m), which is 
. 
fx(m)=Pr{Xm =m}=(1-p)m-1 p (3.3) 
Hence, the expectation of X,, equals 
Finally, the packet delay of the framed-ALOHA is 
D=1 Tf +G 
Tf 
(3.5) 
2Sp 
T 
Letting Tf be unit time, we computed the throughput S against the offered load G by using (3.2), 
and also the packet delay D against S with a set of constant transmission probability p by using 
(3.5). The results are plotted in Figure 3-5 and Figure 3-6. P. 
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Figure 3-5 Channel throughput against the offered load 
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3.4 Summary 
In this chapter, we introduced the LEO satellite store-and-forward communications, and the 
applications to be supported by them. We focused on the multiple access protocols for the short 
message transmission, which may be the typical traffic pattern of global data collection or 
transportation tracking systems. After extensively reviewing the existing multiaccess protocols, 
we proposed the framed-ALOHA protocol specifically for short message transmissions. The 
framed-ALOHA sufficiently considers the peculiar features of the UoSAT satellite 
communication scenario. It can be easily added to the PACSAT protocol suite to achieve an 
efficient integration of short and long message transmissions. We theoretically analysed the 
throughput-delay performance of the framed-ALOHA without transmission control and with a 
static control in the ideal channel. An adaptive and centralised control policy will be presented in 
the sixth chapter. 
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Chapter 4: Capture Effect and Its Exact Evaluation 
In the protocol analyses presented in Chapter 3, it was assumed that all packets 
involved in collisions are lost. In practical systems this is often not the case, and 
this fact can greatly improve system performance. Chapter 4 and 5 present 
analysis and simulation of this effect and its systematic exploitation. An 
overview of investigation of the capture effect in mobile radio channels is given. 
Two new exact evaluation models of the capture effect are proposed specifically 
for coherent BPSK and non-coherent FSK demodulation. Bit decision 
mechanism of the demodulators and Imperfection of the receiver carrier 
synchronisation are properly taken into account. The capture effect in the LEO 
satellite channel is examined for the first time, based upon the proposed models. 
The result indicates that the contending-type protocols may improve throughput 
in the LEO satellite channels, compared with in ideal channels. 
4.1 Overview of Capture Effect in Radio Channels 
The term capture effect was originally used to describe the effect of the threshold in the analog 
nonlinear modulations such as FM. In studies of collision-type random-access networks for data 
communication, capture effect has been adopted to describe the fact that any practical radio 
receiver is resistant against noise and interference to some extent. If two or more packets compete 
for successful reception at the receiver, the strongest signal may capture the receiver. In this 
context, however, the term capture effect has lost its original meaning of indicating a remarkably 
rapid impairment of the quality of reception with only a slight decrease of the C/I ratio. As an 
extension of the FM-capture effect in the case of discrete messages, a definition of the receiver 
capture may be given as follows, without a rigid base for analytical evaluation: 
Receiver capture is the phenomenon in which the decision required for the receiver to reconstruct 
a potential message transmitted on the channel is dominated by a single signal, despite the 
presence of interfering (contending) signal and noise. 
Hence, the receiver capture is essentially an event of the physical layer of the communication 
system. The capture probability depends upon, among other things, the received power levels, the 
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type of modulation, the robustness of the receiver synchronization, the characteristics of the 
interference, and the channel fading. 
The capture effect can improve the throughput of random access protocols. In the framed- 
ALOHA protocol, if the total traffic arriving at a receiver from different sources is Poisson- 
distributed with mean rate G packets/slot. The probability that N packets arrive at the receiver in 
any slot equals: 
N 
exp(-G) N=0,1,... P(N) =GN! N! 
(4.1) 
Let Pcap(N) denote capture probability, the probability that any packet of N packets in collision is 
successfully received. Then the resulting throughput of the framed-ALOHA equals: 
0 GN 
S=I exp(-G)Pcap (N) 
N_1 N. 
(4.2) 
In the special case of Pcap(1)=1 and Pcap(N)=0 (N>1), (4.2) becomes the classical throughput 
formula of slotted ALOHA without capture where all packets in collision are assumed to be lost. 
The packet delay of the framed-ALOHA with capture is still expressed as (3.5). 
The first paper analysing the employment of capture effect to improve the throughput of random 
multiple access protocols was presented by L. G. Roberts [88]. Only spatial distribution of nodes 
was taken into account in his research, and random amplitude fluctuation of received signals was 
considered small and negligible. J. J. Metzner [65] proposed a man-made capture scheme in 
which the terminals were divided into several groups, with different transmitting power levels for 
each group. No more other factors were taken into account. 
Since then, the capture effect, as a phenomenon that can be utilised to improve the performance of 
random multiple access protocols has received more and more attention. Much research has been 
made for the scenario of land mobile packet communications. All of these studies assumed a 
uniform (or quasi-uniform for derivation convenience) distribution of user population within a 
circular cell, and a Poisson arrival of the aggregate packets. Most of them analysed the capture 
effect resulting from Rayleigh fading plus near-far factor under slow fading assumption [5] [45] 
[66] [117], and thus only were confronted with a manageable analysis complexity. Fading is 
considered as slow fading if the received power level of the signal remains constant over one 
packet duration, i. e., the power of each bit in a packet is the same. Obviously this is a bit-rate and 
packet-length dependent concept. In the other extreme case, fading is considered as fast fading if 
the received signal fluctuates independently from bit to bit. Some researchers investigated the 
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capture effect brought about by Rayleigh fading plus shadowing and near-far effect, a more 
general situation [78] [79] [122]. The extreme behaviour of the capture probability, denoted 
Pcap(N), N- co, was also investigated in [30] [34] [121] [122], and was concluded to be non-zero, 
and dependent only upon the capture ratio and the roll-off exponent of the distribution of the 
received powers. Pcap(oo) is only meaningful in theory. It stands for the maximal steady 
throughput of a multiple access protocol without any control over the offered load. Practically, 
only small N is concerned in the multiple access protocol where some control scheme of the 
offered load is imposed. 
Basically, the capture effect in a slow fading channel can result in a more substantial improvement 
on the throughput of random access protocols than in a fast fading channel. More recently, some 
researchers investigated the capture effect in fast fading channels under the additive Gaussian 
white noise, which is the case when the speed of vehicle-carried terminals is fast [90] [96] [115] 
[120]. Study on the impact of increasing the vehicular speed on the system performance requires a 
tractable analytical expression of second-order statistics of a joint interference signal, which has 
not been found. Thus only an extreme case was considered, in which the multipath fading was 
assumed independent from bit to bit within one packet (even two adjacent bits). This assumption 
is also valid for a weakly correlative channel if bit-interleaving is adopted in the transmitters. The 
influences of modem technology, coding schemes and the additive white Gaussian noise on the 
capture probability have been looked into as well in [96] [115] [119]. 
In addition to the widely-adopted S-G infinite user model first presented by N. Abramson [1], 
Markov models for finite user assumption were also built to study dynamic behaviour of ALOHA 
networks with capture effect [11] [66] [77]. The results showed that stability of random access 
protocols can be greatly improved when a moderate capture effect exists. 
To examine the capture probability, an appropriate evaluation model must be developed first. In 
most cases, however, it is a difficult task, after all the capture effect is conditioned upon many 
factors. Even so, many evaluation models have been developed and presented in the publications. 
These models can be roughly divided into two classes: 1) the models focusing on the physical 
layer and 2) the models focusing on the physical layer and data-link layer. In the former class, the 
received power levels are considered as the criterion for the successful capture. The bit error 
probability, the receiver synchronisation and the effect of coding are not addressed explicitly. 
These models are acceptable if a clear successful capture threshold of the receiver is present. 
Examples of this class of models include [3] [5] [45] [65]. In the other class, researchers 
investigated the probability of successful reception of individual bits in a packet. To confine 
calculation complexity, such models often simplify the behaviour of the receiver, e. g., by 
assuming perfect carrier and bit synchronisation. Examples of this class include [118] [119] [115]. 
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4.2 Power Based Evaluation Models 
Many evaluation models of the capture effect are based upon a parameter, called capture ratio. 
The capture ratio was initially presented as important criteria in the study of co-channel 
interference in mobile telephony. It was usually used to determine the outage probability in terms 
of the probability that the signal-to-joint-interference ratio drops below a minimal value. The 
capture ratio is an inherent measure of merit of a receiver, and sometimes appears by other names 
in many studies such as co-channel rejection ratio, receiver threshold, threshold ratio, 
interference criterion, or protection ratio. It is often called `capture ratio' when a random access 
protocol is involved. For digital modulation, the capture ratio, denoted z, may be defined as the 
instantaneous carrier-to-interference ratio (C/I) at which the short-term bit error probability 
exceeds a maximal tolerable value P. The choice of value of z generally depends upon the 
required quality of service, and may therefore be somewhat arbitrary for voice communications. 
The outage criterion can be a certain figure of merit subjectively determined by a representative 
panel of listeners or, in digital systems, an instantaneous bit error probability [17] [68]. 
4.2.1 Maximum-Power Model 
The study of the capture effect is to quantitatively examine the capture probability, the probability 
that any one of the N packets contending a common channel survives the collision, and is 
correctly received by the receiver. The maximum power model is of the form 
N 
Pcap(N)Pr{Wj/W >z, i=1,2, """, n, i#j} (4.3) 
j=1 
where W is the power of the desired packet (the strongest packet), W, is the power of the 
interfering packets and z is a constant capture ratio. 
This model assumes that the desired packet is received without error when the power level of the 
desired signal exceeds the power level of the strongest interfering signal by a factor z. The model 
usually results in a somewhat optimistic outcome, but its employment leads to simpler analytical 
derivations [3] [28] [31] [67] [88] [117]. 
4.2.2 Power-Sum Models 
Model I 
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A straightforward modification of the maximum-power model is to collectively account for the 
destructive influence of all the interfering signals on the desired packet. The power sum model is 
of the form 
N 
P, ap(N) _ 
IPr Wj YW > 
j=1 i#j 
(4.4) 
This model assumes that the desired packet can be received without error when the power level of 
the desired signal exceeds the power sum of all the interfering signals by a factor z. 
The power sum model is more realistic than the maximum power model by all means. However, 
one still can not give a clear physical explanation of constant capture ratio, since it is only an 
equivalent of a probabilistic event, which aims to simplify the analysis of the capture probability. 
This probabilistic event refers to the fact that the bigger z, the higher probability of the strongest 
packet being correctly received. A constant z simply assumes this probabilistic event to have a 
unit step P. D. F. Fj(x; )=u(x; -z) for a given xj = Wjf 
y1#j Wi 
. 
Even if such a simplification is 
made, it is still difficult to analytically derive Peap(N) when W is not exponentially distributed (the 
amplitude does not agree with Rayleigh distribution). Thus other necessary simplifications have to 
be made [5] [45] [52] [66] [116]. 
Model 2 
A further consideration includes the additive Gaussian white noise in Model 1, thus the model is 
of the form 
N 
P, 
ap 
(N) =I Pr Wj (j W+ NOB) >z 
j=i i; ,, j 
(4.5) 
where No is one-sided power spectral density of the AWGN noise (dBW/Hz) and B is bandwidth 
of the modulated signal (Hz). 
This model treats the sum of the interfering signals as another AWGN source. This implicitly 
assumes that either the interfering signals are subject to independent multipath fading from bit to 
bit, or the sum independently fluctuates from bit to bit due to the arbitrary modulating bits in the 
cases of big N. For a fast fading channel, this model is acceptable. For a slow fading channel with 
small N, the model generates a very pessimistic result [120]. 
Model 3 
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C. T. Lau extended Model 1 to a general situation where the capture ratio is not a determined 
constant parameter of the receiver but a probabilistic parameter with a P. D. F. [52] 
Fj (x j) _p 
xj <1 
(4.6) 
g(xj) xj >1 
Hence, the capture probability can be formulated as 
N °0 
Pcap(N)_ $Pr Wj IW >xj dFj(xj) (4.7) 
j=1 p i: ;, -j 
g(xj) depends upon the type of demodulation and the coding scheme. The model assumed that a 
total of the interfering signals is Gauss-distributed, and independently varies from bit to bit. In the 
case of non-coherent FSK demodulation, g(x; ) is of the form 
g(xJ)=(1-Pb(x>)1 = 1- 
1 
exp( x. il2) (4.8) 2 
where Pb(x; ) is the bit error probability and L is packet size (bits). 
However, the sum of the interfering signals with small N is actually neither Gaussian nor 
independent from bit to bit, unless a fast fading channel is being considered. On the other hand, 
we are more concerned about those Pcap(N) with small N, since we will see that they contribute 
much more to the throughput improvement under a normal input traffic load. 
4.2.3 Evaluation of Capture Effect in LEO Satellite Channel 
To outline the capture effect in LEO satellite channels, a simulation model was built using 
MATLAB/SIMULINK, based upon Corazza's propagation model [20], the UoSAT satellite link 
loss pattern [109] and the power sum evaluation model formulated as (4.4). This model is 
considered to be able to result in a relatively accurate evaluation of Pcap(N) if a moderate value of 
the capture ratio z is selected, according to the discussion in [55], and the link margin is high 
enough (large signal-to-noise ratio). Intractable complexity of the propagation model and the non- 
closed form of link loss pattern prevent the evaluation model from being exploited numerically. 
Thus we resort to Monte Carlo simulation. In the simulation, the aggregate traffic arriving at the 
satellite receiver from several sources is assumed Poisson-distributed. The simulations only 
consider the range of elevation angle a> 10°, as the channel rapidly deteriorates below 100. 
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For an orbit height of 775 km, am;,, =0° corresponds to ß, aX 26.9°, while au=10° corresponds to 
ßa, =18.9° (refer to Figure 2-4 for the definition of a and ß). Hence, ßraX is set 18.9° in the 
simulation. The simulation was first taken under diverse channel propagation assumptions for 
contrast, and the result is shown in Figure 4-1. By using (4.2), the channel throughput is computed 
and plotted in Figure 4-2. The capture ratio z is set 6dB, a slightly conservative choice [55]. The 
simulation result shows that the throughput of slotted ALOHA can expect an increase by 43%, 
reaching up to 0.526 from 0.368 of the ideal channels. The stable range of the offered load 
increases by 50% (from 0-1 to 0-1.5). Gaussian channel is also simulated where the capture 
effect is caused only by the link loss variation. 
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To demonstrate the sensitivity of the evaluation model to the capture ratio, the simulation was 
also made using Corazza's propagation model with different setting of the capture ratio, the result 
is plotted in Figure 4-3 and Figure 4-4. 
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4.3 Transmission Technology Related Evaluation Models 
The power based evaluation models isolate the collision mechanism from the modulation scheme, 
coding technique, and the effect of the additive white Gaussian noise by defining a capture 
parameter based upon the ratio of the received powers from various terminals. In reality, the 
capture of a packet is a random process which is a function of the received power levels, the type 
of modulation, the robustness of the receiver synchronisation, characteristics of the interference, 
the received signal-to-noise ratio (S/N), and even channel coding. The received power levels 
depend only upon the terminal distribution and the channel propagation characteristics between 
the common receiver and the terminals. More recent research efforts have been made by 
considering more transmission technology related factors. These models focus on the data link 
layer. They allow investigation of the bit error probability of the desired packet in the presence of 
the interfering signals, and thus more accurate and convincing. To confine the complexity of the 
calculation, such models often simplify the receiver behaviour (e. g. by assuming perfect carrier 
and bit synchronisation). Such a model is acceptable if the receiver manages to capture a signal 
even if the C/I ratio is small. Practical coherent narrow-band receivers, however, often fail to 
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acquire synchronisation to a short (burst-type) transmission if the interference is strong. 
Therefore, a perfect synchronisation detector tends to overestimate the probability of the 
successful reception. 
K. Zhang at el. proposed such a model [118] [ 119], in which the receiver is assumed to randomly 
select a favourite test packet out of the N colliding packets and acquire perfect bit and carrier 
synchronisation to this packet. If the test packet happens to be selected by the receiver and 
detection occurs without error or with a correctable number of bit errors, it is assumed to be 
received successfully. In analysis, coherent BPSK demodulation was considered. I. M. I. Habbab 
at el assumed the receiver to lock onto the signal from the nearest transmitter [32]. If this packet is 
received with a correctable number of bit errors, successful reception is assumed. I. Widipangestu 
at el. proposed a model, in which the receiver is assumed to perfectly lock onto the test packet 
[115]. The test terminal was assumed very near to the base station, so that the test terminal is in 
line-of-sight of the base station. The interfering terminals are assumed to be situated near the 
border of the cell, so that a line-of-sight component between any of the mobile terminals and the 
base station is absent. Many similar models or analytical approaches were published in the 
publications. They distinguish themselves from each other in the assumptions about the perfect 
carrier synchronisation and a joint-distribution of the interfering signals. 
4.3.1 Zhang's Model 
This model assumed that, at the beginning of every slot, there are N+1 packets generated from the 
terminals, one of these packets is randomly chosen to be the test packet which is locked to the 
receiver, while the other N packets are considered to be interference to the test packet [ 119]. The 
model assumed that coherent BPSK demodulation is adopted. The received signals are assumed to 
suffer from Rayleigh fading only, thus the received power is exponentially distributed (the 
received amplitude is Rayleigh-distributed). The test packet is always in-phase of the receiver, 
whereas the phase difference between the receiver and the interfering signals is uniformly 
distributed. In the presence of N interfering packets and the AWGN, the bit error probability of 
the kth bit in the test packet is found 
1'b(NI Aok, ASNk)=P{AOk +ASNk +nOk <01 bOk >O} (4.9) 
where Aok is the amplitude of the test packet during kth bit, AsNk is the amplitude sum of the N 
interfering signals during kth bit, nOk is the amplitude of the AWGN during kth bit and bok is the 
kth modulating bit of the test packet. 
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For slow fading channels where the effect of fading on all bits of a received signal is the same, an 
effective signal-to-noise ratio yis defined as, for the coherent BPSK demodulation 
Yä 
(Ao+AsNk)2 
(4.10) 
2NOB 
Hence, (4.9) becomes 
Pb (N I Ao, AsNk) =1 erfc 
Ao + ABNK (4.11) 
2 2NOB 
For a packet of L bits in the slow fading channels, the capture probability is of the form 
Pcap (N I Ao, AsNk) = 
[1- E {Pb (N I Ao, ASNk )}]L 
L 
= 1- 
lE 
e1 fc 
Ao + ASNK (4.12) 
2 2NOB 
where E{} denotes averaging over the 2N possible combinations of AsNk for different pattern of 
modulating bits. 
During this research, this model was derived by using the coherent BPSK demodulation, and then 
straightforward extended to the coherent and non-coherent FSK demodulation by substituting the 
corresponding formula for the bit error probability, i. e., Pb (y) = 0.5erf4y/V2, for the coherent 
FSK and Pb (y) = 0.5 exp(- y2 /2) for non-coherent FSK. Such a simple extension is not 
convincing, as the mechanisms of the bit decision process are totally different in these schemes. 
4.3.2 Widipangestu's Model 
I. Widipangestu at el. studied the capture probability in microcellular scenario, and analysed the 
resulting throughput of slotted ALOHA and unslotted np-ISMA protocols [115]. The captured 
packet (also called test packet) is assumed to be always transmitted from a mobile terminal very 
near to the base station. Such a terminal is considered to be in line-of-sight of the base station, 
thus the captured signal suffers from Rician fading. On the other hand, the interfering packets are 
transmitted from those terminals located near to the border of the cell, and therefore have larger 
propagation distances without line-of-sight component and suffer from Rayleigh fading. These 
assumptions were made for the simplicity of analysis. 
Coherent BPSK modulation was taken into account in their study. Again, the receiver was 
assumed to perfectly lock its carrier phase onto the test packet, no matter how strong this signal is. 
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If we let fwo (Wo I Wo) and fW (Wj j Wj) denote the probability density functions of the received 
power of the test signal and thejth interfering signal, then 
. 
fwo (Wo J Wo) - 
(l + K) 
exp -K- 
Wo (1 + K) Io 
4WoK(1 + K) (4.13) 
Wo Wo f 
W. i fwj (Wi 1 Wý) =W exp -W (4.14) 
J> 
where Wo, W is the instantaneous received power of the test packet and thejth interfering packet, 
Wo, Wj is the local-mean power of the test packet and the jth interfering packet, K is Rician factor 
and Io() is zeroth-order modified Bessel function of the first kind. 
In both Rician distribution and Rayleigh distribution, shadowing, consisting of slow fluctuation of 
the local-mean power, was not taken into account. 
In a Rayleigh fading channel, the in-phase components of the interfering signals are all 
independent Gaussian variables, with variance W. If the sum of the interfering signals is treated 
as a noise source, with variance Wt = , j, oWj , 
the bit error probability is of the form 
Pb (be IWo, Wt=1 erfc 
WOTb 
(4.15) 
2 No+WtTb 
where No is the one-sided power spectral density of the AWGN and Tb is the bit duration. 
Therefore, for fast multipath fading where the amplitude of the signals and the phase of the 
interfering signals are assumed independent from bit to bit, the capture probability is of the form 
__L ý'ýýp(fast Wo, r) = 1- ý'b(beI Wo, j'1'r)fwo(Wo 
1 T'W'o)d F (4.16) 
For slow multipath fading where the amplitude and phase of each signal are assumed constant 
over the entire packet duration. The capture probability is of the form then 
P" (slow I Wo , Wt) - 
[Pb(be I Wo Q fwo (Wo I Wo )d Wo (4.17) 
In addition to the ideal assumption on the carrier and bit synchronisation, the two different fading 
models are imposed onto, for simplicity, the test signal and the interfering signals. Actually the 
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test packet could be from any terminal in fading channels when a random multiple access protocol 
is applied. 
4.4 Evaluation Model for Coherent BPSK Demodulation 
In the studies of the capture effect, which relate transmission technology to the evaluation of the 
capture probability, the coherent BPSK demodulation received much more attention, although this 
modulation/demodulation scheme is not being widely employed in the land mobile systems. And 
also, the coherent BPSK is not used in our UoSAT satellite series. However, many GEO satellite 
based land mobile systems and the next-generation cellular systems are intended to adopt coherent 
BPSK/QPSK. In addition, the coherent BPSK demodulation normally gives rise to a tractable 
complexity of numerical solution, even a closed-form formula in some extreme cases (e. g., the 
signal is assumed to suffer from Rayleigh fading only) [119] [120]. 
4.4.1 Carrier and Bit Synchronisation 
When more than one packet happens to arrive at the common receiver at about the same time. 
Because these signals may have much different received power level. There is still an opportunity 
for the receiver to demodulate one of these packets. In the coherent demodulation schemes, a 
stable carrier synchronisation must be obtained from these received signals first. In [32], the 
receiver was assumed to always perfectly lock onto the first arriving signal, which is transmitted 
from the nearest transmitter, while the remaining later signals are always lost in a collision, no 
matter how strong this first arriving signal is. The time difference of these packet arrivals may be 
caused by the distance difference between the transmitters from the receiver. In slotted ALOHA, 
guard gap between two adjacent slots must be reserved to ensure the packet arrivals in current slot 
will not partially come into the next slot. In [119], the receiver was assumed to randomly select a 
favourite packet from the N packets in collision, and acquire perfect bit and carrier 
synchronisation to this packet, no matter whether it is the strongest. The propagation delay was 
ignored, thus the N colliding packets arrive at the receiver at the same time. 
In reality, any coherent narrow-band receiver is likely to lock its carrier onto the strongest signal 
rather than a randomly selected or the first arriving packet, and may lose the synchronisation if the 
carrier-to-interference ratio is remarkably low. Therefore, it is more realistic to define the 
successful capture of a packet as the reception of the strongest packet without bit error while the 
carrier-sync remains stable. Practically however, there is no sharp border of C/I, above which the 
carrier-sync will remain stable, and below which it will not. It is assumed here that the carrier- 
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sync can be acquired and remain stable with a probability of PX(xj) for a given xi = Wi /' Wi 5 
where W is the power of the locked source, J1,, j 
W. the power sum of the other sources, and xj is 
referred to as the effective C/I for thejth source. The form of PX(x; ) specifically depends upon the 
inherent merit of the receiver synchronisation. In the following analysis, the conditional 
probability PX(") is presumably assumed to have a shape: 
0 x<a 
Px(x) = (x-a)/(b-a) a: 9 x: 9 b (4.18) 11 
x>b 
Such a shape indicates that if the power of the strongest signal is less than the power sum of the 
interfering signals by a factor a, no chance for the receiver to acquire a carrier-sync; if the power 
of the strongest signal is greater than the power sum of the interfering signals by a factor b (>a), 
the receiver must acquire a carrier-sync; the probability of the receiver acquiring a carrier-sync 
increases linearly between a and b. 
4.4.2 Criterion of Successful Capture 
Successful capture of a packet refers to the reception of the strongest packet without bit error or 
with a correctable number of bit errors in the presence of the interfering packets. A correctable 
number of bit errors is corresponding to the case where an effective channel coding is applied. 
This case is beyond the consideration of this thesis, though it only requires a slightly further 
investigation. Successful capture of a packet is a probabilistic event conditioned upon the received 
power levels, the type of demodulation, the robustness of the receiver synchronisation, and the 
characteristics of the channel. An evaluation model considering these factors may be more exact 
and convincing, although still far from being perfect. For a coherent BPSK detector, the 
individual bit of the strongest packet is determined by the bit decision process, which is affected 
by both the AGWN and the interfering packets. The bit error probability is fluctuating from bit to 
bit because of the arbitrariness of the modulating data, even if the amplitudes and phases remain 
unchanged over a packet period. Based upon the above description of the carrier synchronisation, 
assuming a common power distribution of sources, we may write 
Pcap (N) = Pr{success I carrier_ sync}Pr{carrier _ 
sync{ 
00 00 
= N(1- E{Pb [k] 
{)L ff(x)P(x)dx = N(1- Pb )L Jf(x)P X (x)dx (4.19) 
00 
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where Pb[k] is the bit error probability of kth bit, Pb is the BER and j(. ) denotes the p. d. f. of the 
effective C/I. 
4.4.3 Exact Evaluation Model for Coherent BPSK 
To precisely evaluate Pcap(N) formulated in (4.19), the two models are proposed in comparison. A 
commonly used coherent BPSK detector shown as Figure 4-5 is considered [12], where si(t) is the 
strongest signal, s; (t) (i=1,..., N, i: #j) the interfering signal, and n(t) the AGWN with a bandwidth 
of 2/Tb (Tb is bit duration) and a two-sided power spectral density of Na/2. 
kk V( 0, Tb 
sj(t) S/H 10 
Si(t) 
fk- 
1 Tb 
1,.., N, ij O 
n(t) -------------------------------------- 
Reset Sampling 
Carrier Sync Bit Sync 
Figure 4-5 Block diagram of a coherent BPSK detector 
4.4.3.1 Exact evaluation 
If the strongest signal remains in phase and the others have an uniform-distributed phase offset 
(within [0,2n]), then the sum of these signals is, during the kth bit (1< V<_ L) 
V (t) =sj (t) +I Si (t) + n(t) =A jkb jk cos(CUct) +Z 
Aikbik cos(co t+ Bik) +a cos(C), t + CPS 
i#j i;, j 
(k -1)Tb _< t <_ 
kTb (4.20) 
where Ask is the amplitude, buk is the modulating bit (±1 for BPSK). 
The sum becomes after the integrator 
V *k =A jkbjk +I Aikbik COSeik +a cos (4,21) 
i; -j 
The last item of (4.21) is a Gaussian process with the same variance as n(t). By using slow fading 
assumption and assuming that the interfering signals have an uniform-distributed bit-sync offset 
(within [0 1]), denoted a;, we have 
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VSk=A jb jk +1 Ai (bi(k-l )ai + 
bik (1- ai )) cos ei + a, cos gyp, (4.22) 
i#j 
The bit error probability, conditioned upon the bit-sync offsets, the amplitudes and phases of the 
received signals, is equal to 
Pbl[k]=Pr{Vsk <01buk =1} (4.23) 
or 
Pb2[k] = Pr{ISSk > 01 buk = -1} (4.24) 
From the formula BER = 0.5 " erfc(. 
) 
of coherent BPSK demodulation, we have 
Aj +I A1(b, (k_l)al +bik(1-ai))cose, 
(4.25) Pbi [k] =1 erfc 
i$' 
2 2No1Tb 
If Pr{bk =1} = Pr{bk = -1} 5 
Pb(N)=Pbl(1V)=Pb2(N), which can be obtained by averaging (4.25) 
over the 2N-' possible combinations of b, k, i. e. 
Pb(NIAj, A;, 81, a; )= 
1 
2N-1 
I1 
b]k 
[k] 
fllk=1, -1 bNk=l, -l 
(4.26) 
4.4.3.2 Simplified model 
A further mathematical derivation is made to have the above model more concise. The resulting 
concise model is also able to provide guidance to the simulation based upon the above model, 
despite its being approximate to some extent. 
Given that the amplitudes of the strongest and remaining signals at the input to the receiver are Aj, 
A, (i=1,..., N, i-#j). When the receiver is locked onto the strongest signal, it is reasonable to treat 
the effect of the remaining signals as interference. After stable carrier-synchronisation being 
acquired, the strongest signal is in phase, and the remaining ones have an independent and 
uniform-distributed random phase offset. For the ith interfering signal, the received component 
after the integrator but before the sampling/holding in ideal form should be like that shown in 
Figure 4-6. 
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Tb 
A; cos t, 
t 
f -- Sampling instant 
Figure 4-6 An interfering signal at the input to S/H 
Its peak power equals 
W. 
`= 
(Ai cos9i)2 (4.27) 
2 
As O, is uniformly distributed in [0 2it], 
2 2ir 2 
w. = 
A` 
"1 
Jcos2 9; d9i = 
A` 
(4.28) 
2 2ýc0 4 
Bit-sync offset will result in a random sampled instant of an interfering signal within [0 Tb]. If a 
modulating bit stream meets the condition that 1-->-I, -1->I, 1->1 and -1->-1 occur with an 
identical probability between two successive bits, the power after the S/H is statistically 
1 
II 
Ws-1 
Tb /f2 
2W. * 
2t 2 
dt + 
Wi 
, 
2W 
` 2Tb 
0 
Tb 23 
(4.29) 
Adding up all the interfering signals and approximately considering the sum as a Gaussian 
process independent from bit to bit, we have 
Ws 
No+yWls 
Tb b'-j 
Hence, the BER is 
2 Aj. 
2N0 1 
+YAi 
Tb 3 i#j 
Pb (N I Aý A; ) =1 erfc 
rAj2 
2N° 
+1 A12 
2 Tb 3 i:,, j 
4.4.4 Evaluation Result in LEO Satellite Channel 
(4.30) 
(4.3 1) 
4 
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We examined the capture effect by means of the above evaluation models along with Corazza's 
channel propagation model [20], before a propagation model becomes available for UoSAT 
satellites channel based upon a measurement campaign. The model assumes the signal amplitude 
to be Rice-distributed, along with lognormal shadowing imposed on both direct and diffuse 
components. The statistics of the fading and shadowing vary with the elevation angle, and are 
expressed by three empirical formulae. As to link loss variation, one of a recent UoSAT satellite 
is used [109], shown as Figure 2-2. 
Intractable complexity of Corazza's model and the non-closed form of the link loss pattern 
prevent the above evaluation models from being exploited numerically. Thus, Monte Carlo 
simulation is executed to generate A;, AI, 0, al, and b, k. The simulation result of capture probability 
in Figure 4-7 indicates that thermal noise, in term of S/N of the signal coming from 10° elevation 
angle regardless of signal fading, affects Pcap(N) much when N is small. The effect of the AWGN 
(equivalently the link margin) on the capture probability gets less and less considerable when the 
number of colliding packets increasingly gets large. The resulting channel throughput is plotted in 
Figure 4-8 by using (4.2), and the packet delay is plotted in Figure 4-9 by using (3.5). Since those 
Pcap(N) with small N are much more significant in determining the throughput of slotted ALOHA 
in a normally loaded channel, a relatively large link margin can result in a substantial capture 
probability, and consequently benefit the framed-ALOHA with a substantial throughput 
improvement. The simplified model presents a slightly lower estimate, since the sum of the 
interfering signals is actually neither Gaussian nor independent from bit to bit when N is not large. 
In other words, this Gaussian assumption exaggerates the destructive influence of the interfering 
signals. But when N- cc, the central limit theorem holds, i. e. the sum agrees with Gauss- 
distributed. This agreement can be seen in Figure 4-7 where the two models conform with each 
other more and more after N>5. The models are also examined with various possible values of a 
and b. The result shown in Figure 4-10 indicates that Pcap(1V) is sensitive to the merit of the 
receiver carrier synchronisation. The simulation with various packet sizes shows that Peap(N) is 
not sensitive to packet size. This conforms to the traditional conclusion on bursty channels. 
Conformation of mathematically simplified evaluation model with the exact evaluation model 
convinces us that the simulation analysis of the capture probability can be judged correct. 
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The above evaluation models for coherent BPSK introduced the probability of the carrier 
synchronisation conditioned upon C/I. Moreover, the affect of bit-sync offset of the interfering 
packets on the capture probability was also taken into account. They are considered exact and 
convincing. Although originally proposed for the LEO satellite channel, these models also apply 
to the other mobile channels where the slow fading assumption holds. 
4.5 Evaluation Model for Non-Coherent FSK Demodulation 
Not all satellite channels use the coherent BPSK demodulation, however. Non-coherent FSK 
demodulation is widely adopted in the radio communication systems in order to deal with severe 
signal fading, which may make the carrier synchronisation difficult or costly. A continuous-phase 
FSK modulator and a non-coherent FSK demodulator are currently used in all UoSAT satellites. 
There has been no evaluation model of the capture probability dedicated to non-coherent FSK 
demodulation in the literature yet, as far as the author has determined. 
4.5.1 Criterion of Successful Capture 
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With non-coherent demodulation, the receiver does not need to lock to an average carrier phase. It 
just tries to pick up the strongest signal, although the strongest signal may be entirely distorted by 
superposition of the remaining packet signals. The bit decision process determines whether the 
individual bits are correctly received. Because of the arbitrariness of modulating data, both of the 
strongest signal and the others, the process may result in a bit error probability fluctuating from 
bit to bit, even if the amplitude and phase offset of the received signals remain unchanged over a 
packet period. Statistically, 
Pcap (N) = (1- E{Pbk (N) })L = (1- Pb (N))L (4.32) 
where Pbk (=Pb'[k]) denotes the error probability of kth bit. 
4.5.2 Exact Evaluation Model for Non-Coherent FSK 
A non-coherent FSK demodulator is abstracted, and shown as Figure 4-12 [12]. Here s; (t) denotes 
the strongest signal, s; (t) (i=l,..., N, #j) the interfering ones, and n,, (t) the added Gaussian white 
noise with a double-sided power spectral density of N012. For convenience in derivation, we 
assume an integer frequency deviation ratio, i. e. (f2 - f) * Tb = n, where n is integer, and Tb bit 
duration. This assumption ensures that relative phase deviation between the received signals 
remains unchanged at every bit switching instant under the slow fading assumption, and that all 
the phasors coherently add over the whole packet period. Otherwise, the phase offset will 
accumulate with an arbitrary modulating bit stream, causing a varying relative phase deviation at 
different bit switching instant. This will lead to incoherent addition of the received signals. 
v(t) 
BPP 
vl(t) 
Envelope 
Ap(t) 
Si t) -ý- f 
S/H 
sl(t) 
Detector 
1,..., N, =#i (t) A, (t) 
nx, (t) 
BPF V, 2(t) Envelope S/H 
f2 Detector 
Figure 4-12 Block diagram of a non-coherent FSK demodulator 
4.5.2.1 Exact model 
Assume that f, is modulated with 1 and f2 with 0. Superposition of all the signals is, together with 
noise 
v(t) =sj (t) + si (t) + n,,, (t) (4.33) 
iýj 
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Let b; k (=b; [k]) denote the kth modulating bit (1/0 for FSK) of the ith signal. During the bit 
intervals with buk=1, the signals equal, through the filters centred at f, and f2 respectively 
vi (t) = Ä1(t) cos(w1t + cDI (t)) = Ak cos(w1t + (11k) + n(t) 
= Al cos(c lt+9j)+ dikAi cos(wit+9i)+n(t) (k-l)Tb <_ t <_ kTb (4.34) 
i#j 
v2 (t) = A2 (t) cos(w2t +2 (t)) = A2k cos(w2t + 2k) + n(t) = 
(1- d 
ik 
)Ai cos(w2t + ei) + n(t) 
i#j 
(k-1)Tb <_t<_kTb (4,35) 
where i (t) and A2 (t) are the envelope signal, Ä1k and Ä2k(= Äj [k] and Ä2[k] ) are the amplitude of 
sinusoidal component during the kth bit interval and n(t) is the Gaussian noise with a bandwidth 
of 2/Tb. 
The squares of the amplitude equal (see Figure 4-13) 
22 
Alk2 = Aj cosO1 +bikA; cos81 + Aj sin61 +bikA; sinOi (4.36) 
22 
Ä2 (1-buk )Aj cos 8i + 2k , 
(1- brk )A1 sin 8, (4.37) 
«j i# j 
sin(o)t) 
Al 
%M3kVJ ) 
Figure 4-13 Diagram for phaser addition of the signals 
Classically, the signal envelops Al (t) and A2 (t) are Rice-distributed with the probability density 
functions given by 
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Al Tb 
rlk(A, )= exp - No 
A2 T6 
r2k(A2) =N exp - 
0 
Al z+ Alk 2I Al Alk 
2N° /Tb ° NO /Tb 
A2 2+ Alk 2 IA2 Alk 
2No/Tb o No/Tb 
(4.3 8) 
(4.39) 
Assuming an equal probability of data scheme leads to an individual bit error probability 
00 00 
Pbk(N I Aj, A;, 8J, 9t, bik) = Pr{A4 < A2 lb =11= 
0 A2 =Al 
(4.40) 
Averaging (4.40) over the 2N' possible combinations of blk, we can get Pb(N), which is 
conditioned upon A;, At, B and 8;. 
Pb(NI AJ, Alýej, ej)= 
N-1 
IPbk(NI AJ, 4,0J, 9i, bik) (4.41) 
2 (bIk=0,1 bNk=O, l 
Substituting (4.41) into (4.32), we can get Peap(N) at last. 
4.5.2.2 Simplified model 
The amplitudes Aj and A, (i=1,2,..., N, #j) are decided by the channel statistical model and the link 
loss variation, whereas the phase deviations B and 0, (i=l, 2,..., N, #j) can be reasonably assumed 
uniform-distributed. All these parameters are independent of each other. It is intractably difficult 
to statistically average (4.40) over [0,27c] with respect to every independent phase deviation. 
Therefore we directly impose such a computation on Ä1k2 and A2k2 (by (4.36) and (4.37)). This 
leads to 
Ä, 
k2 = Aý2 +Yb; kA; 
2 (4.42) 
«; 
Ä2k2 =1(1-bik)Ai2 (4.43) 
i#j 
Hence, we get a more concise expression of rlk(") and r2k("), which are not conditioned upon B, e,. 
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4.5.2.3 Gaussian assumption based model 
When the receiver demodulates the strongest signal, it is reasonable to treat the effect of the 
remaining signals as interference. If the sum of all the interfering signals can be assumed 
Gaussian-distributed and independent from bit to bit [52] [119] [32] [8], another concise 
evaluation model can be derived. Now that the sum of the interfering signals is considered as a 
narrow-band Gaussian noise, its average power and corresponding in-phase and quadrature 
components are identical in magnitude. Thus, the power of the interference at the upper branch 
(see Figure 4-12) plus Gaussian noise equals 
2 
U2(NI 
A, bik)=E I]b; kA; cos8, +No 
:; Tb 
1 2; r Z'ý 2N1N 
= N_1 
J" 
"- 
b1k Ai cos 0i d O1 ""-d 
ON +°=I bik A, 
2+° (4.44) 
(21r) 
oo i#i 
Tb 2 Tb 
Similarly, the interference power at the lower branch plus Gaussian noise is 
ale (N I Ai, buk) =1 1(1-b. k )At2 + 
No 
2 1*j Tb 
(4.45) 
During the bits with bfk=1, the envelop signals, A, (t) and A2(t) are Rice-distributed and Rayleigh- 
distributed respectively under the Gauss assumption. Hence, the individual bit error probability 
equals 
00 co 
Pbk (N I Aj, AI , blk) = Pr 
}Al < A2 1 buk =1} = rfi (Al) 5f2(A2)dA2dA1 
0 A2=A, 
+ Aj2 0O A2 ý22 
=f1 Io exp - exp -A dA2 dAl 
°O Ä 1A1Aj[ A, 2 
"6 22 26 
2 
fý 
62 26 
2 
0uuu A2=Ar !1 
AA A2+A2 Ä2 
_ 
Al 
I 
A, 
2 
exp 
1-12 dAl (4.46) 06 
2O6 26 26 
0uuu2l 
Again, Pb(N JAS, A) can be calculated by averaging (4.46) over the 2N-' possible combinations of 
b, k. If we can assume that 6u 
2= 612 = ýl*ý A! 2 
/2 at any time, and moreover, the Gaussian noise 
can be ignored, then (4.46) will be evaluated in another closed form [12], i. e. 
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pb(NI Aj IA1)= 
1 
exp -Aj2 
E2Aj =I exp -Wj 2jW (4.47) 2 i# -. j t#j 
Substituting (4.47) in (4.32), we can obtain a formula of Pcap(N), which is the same as (4.86). In 
other words, the power-sum model in [52] is a special case of this Gauss assumption based model. 
4.5.3 Results of Evaluation in LEO Satellite Channel 
The capture effect has been examined in a simulated LEO satellite channel by means of the above 
models, using Corazza's channel propagation model [20] and the link loss variation of a recent 
UoSAT satellite [109]. Monte Carlo simulation was executed to generate A;, Aj, O 0, and b, k. In 
the simulation, packets are uniformly generated within a footprint of 10°-90° elevation angles. 
Based upon the above evaluation models, simulation analysis was undertaken with S/N=15dB and 
20 dB, and comparison of the result is shown in Figure 4-14. The definition of S/N is the same as 
in Section 4.4.4. In the simulation, packet size remains 512 bits rather than 1024 bits just because 
simulation of NCFSK evaluation model takes much more time than that of CBPSK evaluation 
model. In fact, it has been verified that the capture probability is not sensitive to packet size. The 
simplified model and Gauss assumption based model deviate from the exact evaluation in 
opposite directions. The simplified model slightly overestimates, whereas the Gauss assumption 
based model considerably underestimates Pcap(N). After all, the sum of the interfering signals are 
actually neither Gaussian nor independent from bit to bit when N is not large. 
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Figure 4-15 Throughput of the framed-ALOHA based upon three models, (L=512 bits) 
The exact model was simulated under a variety of S/N settings to reveal the effect of link margin 
on Pcap(N). The results shown in Figure 4-16, Figure 4-17 and Figure 4-18 indicate that a large 
65 
Chapter 4: Capture Effect and Its Exact Evaluation 
link margin can expect a substantial capture probability, which consequently results in a much 
better throughput-delay performance for the framed-ALOHA protocol. The exact model was also 
simulated with a range of packet size (256-65536 bits). The result shown in Figure 4-19 indicates 
that Pcap(N) is not sensitive to packet size. This is a typical feature of bursty channels. 
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Figure 4-19 Capture probability against packet size using the exact model, (S/N=25dB) 
The above exact model explicitly accounts for the bit decision process in the presence of co- 
channel interfering signals and noise, so can generate an exact evaluation of the capture 
probability. The simplified model slightly overestimates the capture probability, whereas the 
Gauss assumption based model is too pessimistic if the signal is only subject to slow fading in 
propagation. For FSK modulators with non-integer deviation ratio, however, the Gauss 
assumption based model may be a valuable evaluation model. 
4.6 Summary and Conclusion 
The capture effect was investigated thoroughly for the LEO satellite channel in this chapter. Two 
exact evaluation models of the capture probability, along with the corresponding simplified 
models, were developed respectively for the coherent BPSK and non-coherent FSK demodulation. 
The simulation models based upon these evaluation models, together with Corazza's LEO channel 
propagation model and the link loss variation pattern of a UoSAT satellite, were built using 
MATLAB/SIMULINK. The extensive simulation demonstrates that one may expect a 
considerable capture probability and a substantial improvement on the throughput of slotted 
ALOHA protocols in the LEO satellite channel when an appropriately large link margin is 
reserved, and the slow fading assumption holds. With the capture effect inherently existing in 
mobile radio channels, the framed ALOHA may 
be a prospective multi-access protocol for the 
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bursty short message transmission in the LEO satellite scenario. The obtained research 
accomplishments also provide a thorough basis for investigating the capture effect in the LEO 
satellite channel. 
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Chapter 5: Capture Enhancement and Throughput Improvement 
A brief review of man-made capture effect is addressed. Based upon the 
mechanism resulting in the capture effect, two new enhancement measures for 
the capture effect are proposed, namely ring-shaped division of the footprint 
and elevation-dependent power assignment. The enhancements make use of the 
peculiar fading features of LEO satellite channel. Their effectiveness is validated 
by simulation based upon the evaluation models presented in Chapter 4. The 
result indicates that the proposed enhancements can significantly increase 
throughput and stable operation range of the framed-ALOHA protocol, 
especially when link margin for the uplink channel is sufficiently large. 
5.1 Introduction 
Fading and shadowing in mobile radio channels, and link loss deviations at different elevation 
angles have a negative effect, i. e., they require a larger link margin. On the other hand however, 
they also result in a positive capture effect, which improves the throughput for random access 
protocols. This throughput improvement is substantial when the rate of fading is sufficiently slow. 
The stronger capture effect, the greater capture probability, consequently the better throughput 
delay performance. According to the in-depth study in the above chapter, the capture probability 
is determined by many factors, such as the received power of signals, the type of demodulation, 
the robustness of the receiver synchronisation, and characteristics of the fading channel. For a 
certain radio receiver and certain received power levels, the bigger received power difference, the 
greater capture probability we can expect. If we can increase the power difference of the received 
signals by means of some approaches, we can strengthen the capture effect. Two factors cause the 
received power difference. One is a deterministic link loss deviation at different user elevation 
angles. The other is random and independent signal fading and shadowing. 
John Metzner first discussed the throughput improvement of ALOHA networks over non-fade 
channel [65]. In his proposal, users were divided into two groups, one transmitting at high power 
and the other at low power. It was further assumed that whenever exactly one user with high 
power and one or more users with low power occupy the same time slot, the signal with high 
power can be demodulated, but the other signal(s) cannot. On the other hand, if two or more users 
with high power occupy the same time slot, all the transmitting packets are lost. The proposal was 
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based upon the fact that transmitting power is not a very critical parameter on the earth-to-satellite 
link unless groundstations are handheld-sized terminals. By using such a simple two-level power 
assignment, slotted ALOHA systems were demonstrated to be able to increase the maximum 
throughput from 0.368 to about 0.53 [65]. Shacham considered a more general case where each 
packet is assigned one of Kt transmitting power levels [95]. This was based upon the consideration 
of a ground-radio star network in which captures are related to geometric locations of transmitters. 
He used the capture ratio-based model with perfect capture to analyse the resulting throughput- 
delay performance. Such fixed power assignment schemes may cause `unfairness problem', since 
users with a higher power have a higher priority to be captured unless the prioritisation is 
intentional. 
Lee proposed a random power assignment scheme, in which instead of dividing the users into 
priority groups, every user was assigned an identical probabilistic rule and an identical set of 
transmitting power levels [53]. Under this scheme, whenever a user has a packet to transmit or 
retransmit, he randomly chooses one of the Kt transmitting power levels with an identical 
probability 1/Kt. The received signals were assumed not to suffer from channel fading, and path- 
loss deviation at different distance to the common receiver was negligible. The performance of 
slotted ALOHA protocols was analysed using a conservative capture ratio-based model, which 
requires the received power of the desired packet must be greater than the power sum of the 
contenders plus a threshold of received power, in order to be demodulated correctly. This random 
power assignment scheme can eliminate the unfairness problem caused by the fixed power 
assignment scheme. 
Cidon, Kodesh, and Sidi [18] studied the random power assignment scheme for collision 
resolution algorithm (CRA) [10] in non-fade channel. The capture ratio-based model was used 
again in the performance analysis with different setting of KK and ratio between adjacent 
transmitting power levels, denoted as at = P, 1P2 = P2/P3 =... = Pk-, /Pk. The analytical result showed 
that throughput increase is stepwise with at for a certain Kr. The assumption of constant capture 
ratio and ignorance of near-far factor and signal fading cause the stepwise increase. In practice, 
power assignment schemes with K>2 usually need a large range of transmitting power, beyond 
engineering consideration. 
More recently, Wen and Yang analysed the performance of slotted ALOHA protocols with fixed 
power assignment [114]. The capture ratio-based model was employed once more, but more 
practical factors were considered, such as Rayleigh fading, near-far effects and added white 
Gaussian noise degradation. Their study showed that the capture effect is dominated by near-far 
effects and Rayleigh fading rather than by the 
fixed power assignment scheme in the land mobile 
channel, since near-far effects along with Rayleigh 
fading has already caused a pretty strong 
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`natural' capture effect. Statistically, the fixed and random power assignment schemes can 
identically enhance the capture effect, assuming an identical location distribution in a cell for any 
user. 
5.2 Ring-Shaped Division of Footprint 
Two factors cause the received power difference. One is a deterministic link loss deviation at 
different user elevation angles. The other is random and independent signal fading and 
shadowing. In Chapter 2, it has been noted that multipath fading, shadowing and link loss are all 
elevation angle dependent in the LEO satellite channel. The lower elevation angle, the stronger 
fading and shadowing. The link loss pattern shown as Figure 2-2 presents an imperfect 
equalisation for link loss (FSL compensated for by antenna beam shape), which reaches peak 
value during about 50-60° and lowest value at 90°. Statistically, the users at different elevation 
angles where strength of fading and showing much differs may cause bigger power differences at 
the receiver than those at similar elevation angles. Therefore, the peculiar features of the LEO 
satellite channel can be exploited to increase the received power differences. The satellite 
deterministic orbiting movement makes it possible to limit the users to transmitting packets only 
when they are located at the places more beneficial to statistically increase the power differences. 
During a complete transit, all users will have equal opportunities to transmit, but in any one slot, 
access will be limited to the users creating a stronger capture effect. These more beneficial places 
are some ring-shaped areas with similar elevation angles where the signal is subject to either 
minimal or maximal link loss, fading and shadowing. Based upon this thought, the footprint is 
divided into a series of ring-shaped areas, each of which is controlled by a transmission 
probability, shown as Figure 5-1. A darker grey indicates larger link loss in the figure. 
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Figure 5-1 Ring-shaped division of a footprint 
These transmission probabilities are contained in the invitation packets. The users within area R, 
are controlled to transmit or retransmit packets with probability P;. In the extreme case of Pß-0, 
area R, is completely closed. When the channel offered load is light, slotted ALOHA protocols 
perform very well without control. When the offered load gets heavy, traditionally a single 
transmission probability can be used to keep the channel away from being overloaded. This 
corresponds to the case of P, =P2=... =P,, =p (0<_ p <_1), and will cause natural capture effect. An 
unequal decrease of individual Pi, however, may bring about a stronger capture effect in the 
scenario of LEO satellite channel. Concretely, let Pj-1, if area Rj has either minimal or maximal 
link loss, fading and shadowing; and let P! -0 (i#j) for the rest areas. As long as the satellite can 
estimate the offered load by monitoring the uplink channel (the number of idle, success and fail 
slots), it can easily switch the channel from the natural capture mode to the enhanced mode by 
altering transmission probabilities when necessary. The user terminals can easily judge which 
ring-shaped area they fall into by comparing their co-ordinate with the satellite's. The satellite's 
co-ordinate, denoted by (Longitude, Latitude), can be included in the invitation packets to be 
broadcast at the end of each frame. In principle, this ring-based control equals elevation-based 
control. 
73 
Chapter 5. Capture Enhancement and Throughput Improvement 
5.3 Elevation-Dependent Power Assignment Scheme 
Following the previous work over the land mobile channels, the fixed or random power 
assignment schemes could be employed for the LEO satellite channel. But a better scheme may be 
`elevation angle-dependent power assignment schemes', which will be discussed in detail below. 
The fixed power assignment schemes cause unfairness problem, which may be unaccepted or 
unexpected. While the random power assignment schemes can eliminate the unfairness problem 
without apparently increasing complexity in practice. In a LEO satellite channel, however, if a 
higher transmitting power is assigned to the users who statistically have stronger signals received 
at the receiver, and a lower transmitting power is assigned to the users who statistically have 
weaker signals received at the receiver, we should be able to expect bigger received power 
differences. In the LEO satellite channels, the signals from lower elevation angles are subject to 
stronger Rician fading and lognormal shadowing, thus the signal strengths are statistically 
smaller. On the opposite, the users at higher elevation angle will be assigned a higher transmitting 
power. Such an elevation angle-dependent power assignment will not cause a considerable 
unfairness problem, since orbiting movement of the satellite will bring identical opportunities to 
every user in the long run. 
In the application, the elevation angle-dependent power assignment can be used, along with the 
ring-shaped division together. As revealed above, when the fading and shadowing are dominant 
factors causing capture effects, the natural capture effect has already been sufficiently strong to 
bring about a substantial throughput improvement. The power assignment schemes do not cause 
much further improvement on throughput in that case. When the fading and shadowing are not 
dominant, the elevation angle-dependent power assignment can result in a remarkable throughput 
increase above the natural capture effect. 
5.4 Performance of The Framed-ALOHA with These Enhancements 
To verify the effectiveness of the ring-shaped division (RSD) and the elevation-dependent power 
assignment (EDPA), extensive simulation analysis was made. The simulation adopted the same 
conditions and assumptions as described in Chapter 4. Again only the range of elevation angle 
above 10° was considered in the simulations. As initial investigates, we choose two transmitting 
power levels, `basic' and 'extra'. With respect to Corazza's propagation model, the link loss 
pattern of UoSAT satellites and the fact that most areas of a footprint are at relatively low 
elevation angles, RSD was examined using two transmission probabilities, one for the rings of 
40-65° and 10-15° and zero for the rest rings. Ring 40-65° and ring 10-15° together cover up to 
42% area of a footprint for 775 km orbit. When EDPA was examined, `basic' power was assigned 
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to ring 10--15°, and `extra' power to ring 40-65°. Considering practical applicability, `extra' 
power level was respectively set at 3dB, 6dB and 12dB. Simulation analysis was made based 
upon three evaluation models respectively, and the result will be presented and discussed in 
separate sections below. 
5.4.1 Analysis Based upon Capture Ratio Model 
We selected the conservative capture ratio setting of z=6dB, when simulating by the power-sum 
model formulated as (4.4). Simulation result of the capture probability is shown in Figure 5-2. 
The resulting throughput for slotted ALOHA protocols is calculated and drawn in Figure 5-3. As 
we predicted, these enhancement measures do raise the capture probability. Such enhancement of 
the capture probability is substantial when N is large. The throughput reaches maximum when the 
channel offered load G falls into the range of 1.5-2. The maximum throughput is mainly decided 
by those Pcap(N)s with small N, therefore increase of the maximum throughput by these measures 
is moderate. After all, the natural capture effect has been strong already. However, these capture 
effect enhancement measures greatly increase `stable operation range' for slotted ALOHA 
protocols when the finite user population is considered. 
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5.4.2 Analysis Based upon Coherent BPSK Model 
The evaluation model for coherent BPSK demodulation allows us to exactly account for the affect 
of AWGN on the enhancement measures. Simulation was made under a large S/N (30dB) and a 
relatively small S/N (20dB), respectively. The definition of S/N is the same as in Section 4.4.4. 
i. e., received S/N coming from 10° elevation angle regardless of signal fading is taken as S/N 
base. Packet size is fixed at 1024 bits. There is no surprise that under S/N=30dB, these measures 
produce a similar raise of the capture probability, but on a higher basis, shown as Figure 5-4. 
Consequently, slotted ALOHA protocols can expect a channel throughput of up to 71% when 
RSD and extra power of 12dB are imposed (see Figure 5-5). 
Under S/N=20dB, these measures still present a similar raise of the capture probability, except for 
P, 0p(l)'s 
drop (see Figure 5-6 and Figure 5-7). Pcap(l) is determined only by the bit error rate in 
fading channels. The enhancement measures close the areas where fading and shadowing are 
mediate, thus cause the bit error rate to increase. It was observed in the simulation that when S/N 
is kept decreasing, the throughput improvement produced by the enhancement measures will 
eventually disappear. 
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5.4.3 Analysis Based upon Non-Coherent FSK Model 
The simulation using non-coherent FSK evaluation model was made under a large S/N (30dB) 
and a relatively small S/N (20dB) again. The results shown in Figure 5-8 and Figure 5-9 
demonstrate that under S/N=30dB, these measures produce a similar but larger raise of the capture 
probability than in coherent BPSK. This is because the BER is extremely small under such a high 
S/N, it does not cause much difference of the capture probability in two demodulation schemes by 
itself. But coherent BPSK requires stable carrier synchronisation, which was conservatively set 
a=1, b=3, while non-coherent FSK is free of that. Consequently, non-coherent FSK generates a 
larger capture probability under S/N=30dB. 
On the other hand, when S/N decreases to 20dB, Pcap(l) drops more magnificently under the 
enhancement measures as non-coherent FSK is more sensitive to S/N (see Figure 5-10). But 
N>2 still increases magnificently under the enhancement measures. Consequently, we can 
expect up to 68% maximum throughput for slotted ALOHA protocols when RSD and extra power 
of 12dB are imposed (see Figure 5-11). 
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5.5 Conclusion 
We proposed two measures to enhance the capture effect in the LEO satellite channel. The ring- 
shaped division makes use of the peculiar fading features of LEO satellite channel to strengthen 
the capture effect by protocol approach. RSD measure can be easily switched on and off in the 
proposed framed ALOHA protocol in order to adapt to the channel traffic load all the time. When 
the margin for the uplink channel is sufficiently large, RSD measure indeed raises the throughput, 
which has been clearly indicated by the simulation made based upon the two exact evaluation 
models. The elevation angle-dependent power assignment further exploits the unique features of 
LEO satellite channel. An applicable two-level EDPA with a moderate 12dB difference can 
produce a magnificent throughput improvement, when combined with RSD. The stable operation 
range can be increased more substantially, which is also very sensible in the finite user population 
model. Practically, the finite user population model applies in many cases. Both measures do not 
cause considerable unfairness problem, unless an equatorial orbit is being used. 
It is noteworthy that the above throughput improvement gained from the enhanced capture is 
associated only with static performance of the framed-ALOHA protocol in the enhanced mode. In 
practical, if the channel traffic load changes quickly, the switching between two modes may have 
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to be taken quickly, causing many dynamic periods. During these dynamic periods, the protocol 
does not perform optimally in terms of throughput, and therefore the overall throughput 
improvement is not so high as shown in 5.4.2 and 5.4.3. 
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Chapter 6: Estimation and Control of Channel Traffic 
A robust centralised transmission control policy is presented for the framed- 
ALOHA protocol. The goal of this first-order recursive control is to maintain 
the effective traffic load actually offered to the uplink channel at a nearly 
constant and optimum level, no matter what the aggregate traffic composed of 
new arrivals and backlogged packets is. The control policy is based upon MLE 
of the offered load in the presence of the capture effect, which has been 
extensively examined for the LEO satellite channel in the previous chapters. 
Throughput-delay performance of the controlled framed-ALOHA is thoroughly 
investigated at constant input load. Dynamics of the controlled framed-ALOHA 
are also examined at constant, time-variant and impulse-like input load 
respectively. Analysis and simulation show that this centralised control policy 
performs well, even when the input load dramatically changes from time to time. 
6.1 Instability of Uncontrolled ALOHA Protocols 
A brief overview of ALOHA systems and their inherent instability without transmission control 
are addressed. An insight into the reasons causing this instability is presented, and the effect of a 
retransmission control is intuitively illustrated. 
6.1.1 Overview of Controlled ALOHA Systems 
It is well known that ALOHA systems are unstable in the absence of retransmission controls. The 
unstable behaviour of slotted ALOHA protocols was originally predicted by R. Rettberg using a 
deterministic model [86]. R. M. Metcalfe used a steady-state analysis to demonstrate the existence 
of two stable equilibrium states, and discussed control strategies [64]. Further analysis of slotted 
systems was made by S. Lu, with a derivation of steady-state behaviour averaged over dynamics 
of the system [60]. A model similar to [60] was developed more fully by L. Kleinrock and S. S. 
Lam [43] [44] [48] [49] to include effects of system dynamics and control strategies. In [44], a 
model was put forth which gives a coherent qualitative interpretation of the system stability 
behaviour, which led to the definition of a stability measure. Quantitative estimates of the relative 
instability of unstable channels can also be obtained in [44]. The slotted ALOHA channel of 
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infinite population with Poisson arrival was shown to be inherently unstable by G. Fayolle, E. 
Gelenbe, and J. Labetoulle if only fixed retransmission probabilities are imposed [26]. B. Hajek 
and T. Van Loon [33], L. P. Clare [19], R. L. Rivest [87], and S. C. A. Thomopoulos [105] have 
published computationally feasible retransmission control schemes to stabilise the channel for all 
input load less thane'. 
6.1.2 Investigation of The Instability 
Let us consider a slotted ALOHA channel. The channel input in a time slot is defined to be a 
random variable representing the total number of new packets transmitted by all users in that time 
slot. Assuming stationary conditions, the channel input load S is the average number of new 
packet transmissions per slot. The channel traffic in a slot is defined to be a random variable 
representing the total number of packet transmissions (both new and previously collided packets) 
by all users in that time slot. Assuming stationary conditions, the channel traffic load G is the 
average number of packet transmissions per slot. The channel output in a slot is defined to be a 
random variable representing the number of successful packet transmissions in that slot. 
Assuming stationary conditions, the channel throughput Sour is the probability of exactly one 
packet transmission in a slot. The retransmission delay (RD) incurred by an unsuccessful packet 
transmission may be regarded as the sum of a deterministic component (R, say, propagation 
delay) and a random component. The random component is necessary, since the collided packets 
are retransmitted after the same deterministic delay, they will certainly collide again. A uniform 
probability distribution is assumed for the random component of RD such that each user 
retransmits a previously collided packet in a random one of the next KS slots. This is said to be the 
uniform retransmission randomisation scheme. 
A Markov model for slotted ALOHA was formulated for a population of M channel users, based 
upon the above definitions and the others below [44]. Each user can be in either blocked or 
thinking state. A user in thinking state generates a new packet with probability pg. A user gets into 
blocked state after a packet collision, and keeps staying there until the packet retransmission 
succeeds. The retransmission delay RD of each backlogged packet is assumed to be geometrically 
distributed, i. e., each backlogged packet retransmits in the current slot with probability p=1/KS (R 
is assumed to be zero for simplicity). Let D denote the average packet delay. Let Nr be a random 
variable representing the number of backlogged packets at time t, then the channel input load at 
time t is St (M-Nt)pg. Assuming M and pg to be time-invariant, then Nt forms a Markov chain with 
stationary transition probabilities and serves as the state description for the system. For the infinite 
population model, if Mpg =S is finite and the channel input is Poisson distributed at the constant 
load S, when Nt=n, the expected channel throughput is [44] 
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Sour (n, S) = (1- p)n Se -S + np(1 _ p)n-l e-s (6.1) 
This expression is very accurate even for finite M if pg «1 (which implies bursty users) and 
S=Mpg is replaced by S=(M-n)pg. Assuming equilibrium, i. e., Sot,, (n, S)=S, we obtain a family of 
equilibrium contours for various p. When we decrease p (equivalently increasing KS), the 
equilibrium contour moves forwards. 
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Figure 6-1 Equilibrium contours in the (n, S) plane 
Based upon the equilibrium assumption, referring to Figure 6-1, we see that there are two possible 
equilibrium points for each p at any channel input load S for infinite population (either three or 
one for finite population). These two points correspond to a small delay value at nA and a much 
larger delay value at nB, respectively (by Little's result, D=nISour). This observation suggests that 
the assumption of equilibrium conditions adopted in most previous analytic models may not be 
valid. In order to observe dynamic behaviour of the channel, simulations were run in the 
following manner [48]. Starting from an initially empty system, the channel stays at the low delay 
equilibrium for a finite period of time until stochastic fluctuations give rise to some high channel 
traffic load which reduces the channel throughput which in turn further increases the channel 
traffic load. As this vicious cycle continues, the channel becomes inundated with collisions and 
retransmissions. At the same time, the channel throughput vanishes rapidly to zero. 
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Arrows on the channel load line indicate directions of fluid flow, i. e., the arrows point in the 
direction of increasing backlog size if S>S0r(n, S) and in the direction of decreasing backlog size 
if S0,, t(n, S)>S. If M is finite, the channel input load S=(M-n)pg. It keeps dropping when the 
channel backlog n increases. When we choose a sufficiently small p, it is always possible to 
eliminate the high delay equilibrium nB for given M and pg, at the cost of increasing D. The 
distance in term of n between nA and nB can be considered as the measure of the instability. A 
more strictly quantitative measure of the instability was defined and studied in [44]. Obviously, 
the closer S approaches to S, nax (0.368), the more unstable behaviour, and the system more easily 
flips into saturation with an eventual channel throughput of zero, as a result of statistical 
fluctuations. 
6.2 Existing Decentralised Control Schemes 
Many control policies have been proposed for random access protocols to eliminate the 
instability, and meanwhile try to minimise the average packet delay. Most control policies were 
designed for decentralised implementation, thus suitable for conventional bent-pipe satellite data 
communication channels. The instability conditions could be avoided by selecting an 
appropriately large average retransmission delay after collision [11] [44]. However, a long waiting 
time for retransmission after collision also has a negative impact on the average packet delay 
experienced by the users. This difficulty motivated adaptive retransmission control policies in 
which stability is ensured by using longer average retransmission delays as channel congestion 
increases. Two distinct approaches to adaptive retransmission in ALOHA channels have emerged. 
1) Global adaptation in which continuous channel observation at each user is needed to estimate 
the degree of congestion, from which appropriate retransmission delays can be selected [33] [40] 
[49] [63] [105]. 2) Local adaptation (or backoff) in which retransmission delay at each user is 
determined as a function of that user's own collision experience [14] [16] [81] [108]. 
6.2.1 Decentralised Control Limit-Type Policies 
Following the work in [44], Lam and Kleinrock proposed dynamic control procedures for slotted 
ALOHA [49]. Three specific control procedures, namely, the input control procedure (ICP), the 
retransmission control procedure (RCP), and the input-retransmission control procedure (IRCP) 
were then studied in more detail. These control procedures, within the class of stationary policies 
[36], fall into a subclass of control limit policies, which can be described as follows. There is a 
critical size of the channel backlog N, =n such that if the policy specifies one action for backlog 
size from 0 to it -1, the other action is specified 
for backlog size from n to M. n is said to be the 
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control limit. With ICP, the possible control actions are to accept (when N, < n) or reject 
(when Nt >_ n) all new packets in the current time slot. With RCP, the possible actions are to 
retransmits the previously collided packets with probability po (when N, < n) or p, (when Nr >_ i) 
in the current time slot. po optimises the channel throughput, whereas p, is sufficiently large to 
render the channel stable. Obviously, po> p, The above control procedures implicitly require that 
all channel users have exact knowledge of the instantaneous state of the system, NI. A 
computational iterative algorithm was presented to determine the optimal (actually sub-optimal) 
control policy of n, po and p, and associated values for Sot and D without rigorous proof. These 
essential parameters are primarily dependent upon the channel load line, i. e., M and pg. 
Theoretically, when M-+oo, RCP becomes ineffective since no sufficiently small p, can be used. 
The simulation showed that these control parameters are insensitive to the exact instantaneous 
backlog size only when the channel throughput is not approaching to the optimum, and become 
sensitive otherwise [49]. In a practical system, the channel users often have no means of 
communication among themselves other than the multiaccess broadcast channel itself. They fail to 
have exact knowledge of the channel state at any time. The only way for each user is to 
individually estimate the channel backlog by observing the channel output in each channel slot. A 
simple estimate algorithm was proposed, which was based upon the assumption that the channel 
traffic in a slot is approximately Poisson distributed. These techniques are not suitable in our case 
because there is no broadcast channel. 
Y. C. Jeng proposed the optimal multiple control limit policy, which extended the above two- 
action control limit policy of RCP to the general case of multiple-action control policy [40]. 
Intuitively, when the system is in the high state (large N), a smaller p, is chosen to avoid the 
instability of the channel. On the other hand, when the system is in the low state (small N), a 
larger pr is chosen to decrease the delay for backlogged packets. Hence, a stationary 
retransmission policy is a retransmission probability vector P, =[ p, (0), pr (1),..., pý(M)], where 
pr(n) is used when the system is in state n. The numerical examples of the vector P, were 
presented and discussed. Again, Jeng's control policy still depends upon the system state, which is 
unknown in a practical system. 
The control limit policy needs extensive numerical calculation and graphical work to determine 
the control limit and a suitable set of retransmission probabilities. It strictly depends upon the 
knowledge of the channel state and backlog size. Thus, it may be difficult to apply in a real 
system with rapidly evolving dynamics. 
6.2.2 Decentralised Recursive Control Policy 
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B. Hajek and T. Van Loon proposed a decentralised retransmission control algorithm for slotted 
ALOHA channels in non-fading land mobile or bent-pipe satellite data communications [33]. The 
key objective of the algorithm is to maintain a constant level of the channel traffic at any degree 
of channel congestion, i. e., decoupling the channel traffic level from the channel backlog size. 
The simple first-order recursive retransmission policies were used. With this choice, a Markov 
chain with a two-dimensional state space was formed by the state of the control variable f 
together with the channel backlog size N. For a certain (f, N), f Vt was assumed to be Poisson 
distributed, which was called local Poisson approximation, an approximation from Poisson to 
binomial distribution as follows: 
(I 
- 
ft) n= e-f n= e-! ' (6.2) 
where f<< 1, n» 1. Thus, fixing Nt to an integer n, f forms a single dimensional Markov chain, 
which can be handled more easily. This Markov chain finally resulted in a set of three elements, 
{a(0), a(1), a(e)}={e0.418,1, e0582}, although there are many other choices for a. These elements 
were imposed onto the first-order recursive control procedure as follows: 
Q(o)7 
fr+t = min ßf, ft x a(1)7 
a(e)Y 
(6.3) 
where {0,1, e} correspond to {`idle', `successful', `collision'} of the channel output. The 
conditions a(0)<a(1)<a(e) are intuitive, showing that the retransmission probabilities is decreased 
(or increased) when a collision (or idle slot) is observed. B. Hajek and T. Van Loon proved [33] 
that the above approximation is applicable when NN is not too small, and the channel is stable for 
any fixed channel input load S<e'. However, [33] failed to offer an effective method to select the 
optimal y, which minimises the average packet delay. Alternatively experimental simulation was 
used to choose an appropriate value. Although these control policies were originally proposed for 
immediate-first-transmission (IFT) policy (notation suggested by Tobagi [106]). They were also 
directly applied to delayed-first-transmission (DFT) policy, and still ensure stability over a wide 
class of channel input statistics with S<e 1 
The above recursive control policy is simple to implement, and guarantees stability as long as the 
channel input load is time-invariant and less than e-', although the optimal control parameters 
minimising the average packet delay are difficult to choose. The control policy was also shown by 
simulation to be effective even if feedback information on the channel output is incomplete or 
unreliable for the users. 
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K. S. Kwak and R. R. Rao [47] extended the above policy into fading channels where a geometric 
distributed capture probability was assumed, Pcap(N)=QN, 0<_Q<_1, for N51. The local Poisson 
approximation and resulting Markov chain similar to [33] were used to obtain {a(0), a(1), a(e)j, 
which are dependent upon Q. The stability of the channel was proven to be ensured if the channel 
input load is fixed and less than the maximal channel throughput of slotted ALOHA systems with 
capture. 
6.2.3 Distributed Backoff Control Policies 
The above recursive control policy is of global adaptation, in which continuous channel 
observation at each user is used to estimate the degree of congestion, from which appropriate 
retransmission delays can be selected. Another simpler approach is of local adaptation, one of 
which was briefly introduced in [49]. For a backlogged packet with m previous channel collisions, 
the uniform retransmission randomisation interval was taken to be KS=K, n where K,,, is a monotone 
nondecreasing function of m. If K, n is a sufficiently steep 
function of m, the channel instability 
will be prevented. This is a heuristic and adaptive control procedure. It is simple and can be 
implemented easily without any need for monitoring the channel history and estimating the 
channel state. The retransmission delay at each user is determined as a function of that user's own 
collision experience. This algorithm was later called a backoff algorithm. 
D. Raychaudhuri and K. Joseph investigated the generalised retransmission backoff policies [81]. 
The rth retransmission attempts of each user were scheduled to delay a random period dr with 
mean 1/A(r). For familiar exponential backoff policies, 
2(r) = p, r2(1) p,, 1, r=1,2, ... 
R (6.4) 
where 2(1) is initial value, pA is backoff rate, and Ra specified integer. In addition to exponential 
backoff, several alternative backoff policies with slower rate of reduction in 2(r) at small r were 
considered as well, motivated by the fact that one or two collisions are not necessarily indicative 
of congestion in an ALOHA channel. A model of finite population M was taken into account, 
which can result in a highly dimensional Markov chain. Approximate equilibrium analysis of this 
Markov chain indicated that behaviour of the adaptive systems is analogous to that of nonadaptive 
systems, in the sense of bistable behaviour. When we continue decreasing p2, the system will 
become stable. An optimal 11(r) can be obtained for the different backoff policies by numeric 
computation based upon a set of R nonlinear simultaneous equations. The optimal parameter 2(1) 
and p2 are closely correlated to the channel input load, which is unknown or time-variant in 
practice, but with a suboptimal 2(r), the backoff policies still provide 
better delay performance 
89 
Chapter 6: Estimation and Control of Channel traffic 
than the control limit-type policies over a wide range of the channel input load. While globally 
adaptive strategies can be shown to be stable for both finite and infinite population models, a 
heuristic backoff policy does not automatically result in a stable channel although it may provide 
excellent throughput-delay characteristics, and has proven more popular in practice (e. g., 
exponential backoff used in Ethernet). Its most significant advantage is that it is extremely simple 
to implement. A conventional binary exponential Backoff algorithm is also being used in 
PAC SAT protocol suite of our LEO satellite networking as well [110]. 
6.3 Proposed Control Policy for The Framed-ALOHA 
Essential features of the LEO satellite store-and-forward communications make the framed 
ALOHA a favourable choice of multi-access protocol. These features includes (i) intermittent 
access of individual groundstations to a communication channel; (ii) medium round-trip 
propagation delay; (iii) independent up- and down-loading which usually provide different 
services to different users at the same time. Furthermore, store-and-forward, instead of bent-pipe 
also makes centralised control of a multi-access protocol more efficient and more reliable, and 
causes decentralised control policies not to be appropriate. The centralised control policies can 
easily insert control variables/parameters into acknowledgement packets, and consistently 
broadcast them to each groundstation in a footprint. Such a control-centralised policy is developed 
for the framed-ALOHA protocol. It falls into the line of global adaptation. The important idea is 
to estimate the effective traffic load offered to the channel on the frame-by-frame basis. Based 
upon the estimation, the transmission probability imposed on new packets and previously collided 
packets is calculated recursively to keep the channel offered load at approximately optimum level 
all the time. 
6.3.1 Maximum Likelihood Estimator for The Offered Load 
Similar to the earlier discussion, we assume the offered load to be Poisson distributed, with mean 
G per time slot. Let Pcap(N) denote packet capture probability. At the end of Slot m, the output of 
uplink channel, Z,,, will take values in the set {0,1, e}, where `0' corresponds to an idle slot, '1' to 
a successful slot, and `e' to a failed slot. Assume that the satellite receiver can discriminate these 
states. An observation window is kept and updated by the satellite in which v most recent records 
of slot state are available at the end of each frame. From this window, the numbers of `0', ` 1' and 
`e' slot, denoted as v,, v2, V3 (v, +v2+v3=v) can be extracted. When there exists a considerable 
capture effect in the channel, the probability function of Z, n is 
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Pr[Zm 0] 
Pz (Zm 1 G) = Pr[Zm =1] = 
Pr[Zm = e] 
-G e 
GN 
e-C p t cap 
(N) 
N=t 
00 GN 
1-e -c _ -e -G pcap (N) N! n=1 
Given v,, v2 and v3, the likelihood function with respect to G is 
Zm =0 
Zm =1 (6.5) 
Zm =2 
Fv(vI'v2'v3 I G) = (Pr[Zm = 0])"' (Pr[Zm =1])''2 (Pr[Zm = e])v3 (6.6) 
Substituting (6.5) into (6.6) and then calculating the logarithm of (6.6), we can get a simpler 
equivalent 
Lv (vt ý V2 9 v3 I G) = -vl G+ v21n 
I G--e-GPcap (N) + v31n 1- e-ý -G eýýPcap (N) (6.7) 
N=t 
N! 
N=t 
N! 
By solving the equation (6.8) below 
a 
Lv (vi 
, v2 , v3 
I G)=0 
aG 
(6.8) 
we can get a MLE of G, denoted by G,. With a general pattern of Pcap(N), G can be solved 
simply by using numerical computation. 
The size v of observation window kept by the satellite is very important for exact estimation of G. 
If v is too large, we may lose information on the dynamic behaviour of the offered traffic such that 
the necessary actions are taken too late. The dynamics may be caused by varying backlog and 
statistical fluctuations of new arrivals. If v is too small, we may get large estimate errors. From 
statistics theory [25], for any given sample size v, if v is sufficiently large, then the distribution of 
G,, is approximately a normal distribution with mean G and variance Vary [G,, ]. 
VarG[G,, ] =1/(vI(G)) (6.9) 
Here I(G) is Fisher Information with v=1, which is, in the context [25] 
ö Pr[Zm = 0] 
2ö Pr[Zm =1] 
2a Pr[Zm = e] 
2 
IG-Ea 
1n PZ (Zm I G) 2 öG 
+ 
öG 
+ 
aG 
(6.10) (- 
aG Pr[Z,,, = 0] Pr[Zm =1] Pr[Zm = e] 
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The loose conditions which are satisfied in this context are that PZ(Z, niG) is greater than zero for 
each value of Zm, and is a differentiable function of G. 
The capture probability Peap(N) in a LEO channel was exactly evaluated in [82] [83] by using a 
representative link loss variation pattern [109] and Corazza's channel propagation model [20]. A 
commonly used coherent BPSK demodulation was considered in [82], and a non-coherent FSK 
demodulation which has been being adopted in our UoSAT satellites was considered in [83]. 
When a realistic S/N of 20dB was used, the numeric values of Pcap(N) in both cases are 
summarised in Table 2 [82] [83]. With such capture probabilities, the framed-ALOHA protocol 
can generate a much higher throughput than suggested by the classical analysis in the ideal 
channel, shown as Figure 6-2. The throughput-delay performance without transmission control 
can obtain a significant improvement as well, illustrated in Figure 6-3. Using (6.9), (6.10) and 
Table 2, we numerically compute the normalised standard deviation of G,, in the interested range 
of G, shown in Figure 6-4. In the ideal channels without capture, (6.10) can be simplified as 
I(G) = 
e-G - Ge-G + G2e-G - e-2G (6.11) 
G-Ge_G -G2e-G 
The corresponding normalised standard deviation is also plotted in Figure 6-4 for contrast. 
Table 2 Capture probability Pcap(N) with S/N=20dB 
N 1 2 3 4 5 6 7 8 9 10 
CBPSK 0.93 0.75 0.53 0.35 0.22 0.15 0.093 0.061 0.04 0.023 
NCFSK 0.84 0.73 0.54 0.36 0.23 0.15 0.088 0.053 0.034 0.02 
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Figure 6-2 Throughput of the framed-ALOHA with capture 
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Figure 6-3 Delay performance of the framed-ALOHA with capture 
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6.3.2 Transmission Control Algorithm 
We consider the class of first-order recursive control schemes for transmission probability, which 
was originally developed by Hajek for decentralised-control of `standard' slotted ALOHA 
protocols [33]. At the end of each frame, the satellite receiver adjusts transmission probability, 
based upon centralised MLE of the offered traffic load. This transmission probability is imposed 
onto both retransmission of backlogged packets and transmission of newly arriving packets, in 
order to stabilise the framed-ALOHA protocol no matter how the channel input load varies across 
the Earth. The control policy is formulated as: 
r 
. 
fk+1 = min 
Gmax 
fk, ßf 
Gv, 
k+1 
(6.12) 
where fk+j is the transmission probability at the (k+l)th frame, G,,, k+l is the MLE of Gk+I , and 
Gx is a point of the offered load at which the channel throughput reaches the maximum 
SniaX = Pr[Z,, =1 I Gp,,, X 
]. From Figure 6-2, Sn,. x=0.595 when G,,, ax=1.80 for CBPSK, and 
Sn, ax=0.565 when 
G,,. x=1.87 
for NCFSK. The objective of the control scheme is to keep the 
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offered load as close to GT, ax as possible, 
by estimating G over previous slot status. The control is 
intuitively appealing: to adjust the transmission probability in inverse proportion to the ratio of 
G,, ax and the offered load. To increase the transmission probability when the offered 
load is 
estimated to be less than Gmax; to decrease otherwise. The value of r determines the amplitude of 
adjusting step of the control, thus will affect the rate of convergence and delay. ßf is an initial 
transmission probability. A reasonable choice for ßf is ßf=1, although [33] suggested a somewhat 
smaller preferable 8f = 
(l 
- A)/(2 - A) where A is the input traffic load. Actually, the steady-state 
performance of the framed-ALOHA protocol and the dynamics of the control policy are not 
sensitive to 8f at all. In the rest of the chapter, only is the Peap(N) with CBPSK employed in 
analysis and simulation, as those with NCFSK will be very similar. 
6.4 Steady-State Performance of The Control Policy 
Let D; be delay sustained by a randomly arriving packet. Let N, n 
denote the average size of 
backlog per frame. From Little 's result, the expectation of D, is 
Nm +MsA Tl D=O. STf + 
MS2 p 
(6.13) 
where Tf is the duration of the frame, p is the transmission probability and MS is the number of 
time slots per frame. Under the proposed control policy, p (f) is adjusted every frame, thus 
(6.13) can not be used for computation. Alternatively, we use (6.13a) to relatively indicate the 
packet delay feature, although they do not have a linear relation to one another. 
N +MA D`=0.5Tf+ 
AS "Tf 
S 
(6.13a) 
The 0.5 accounts for the average delay of new arrivals before the first transmission attempt. From 
the extensively made simulations, it is noted that although slotted ALOHA protocols are unstable 
without control in theory at any input load, this instability actually happens with a considerable 
probability only when the input load approaches to the maximal throughput a slotted ALOHA 
protocol supports. Therefore the control policy is essentially performing near the optimal input 
load, and makes difference between diverse choices of r, v. Unfortunately, it is difficult to 
compute channel throughput and packet delay or even to find close bounds under this control 
policy. Our approach here is to combine simulation with analytical analysis. The throughput-delay 
performance at equilibrium under the control policy was simulated with a constant input traffic 
load approaching to, but less than S., (=0.595 for CBPSK), and the results are plotted in Figure 
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6-5 and Figure 6-6. MS is set at 10 slots in the simulations. In Figure 6-5, the size of observation 
window is fixed at 20 slots, and the effect of parameter r is examined. It is noted from the result 
that the delay performance under the policy is not very sensitive to r, and a good value falls into 
the range of 0.1-0.2. In Figure 6-6, r is fixed at 0.1, and v is altered from 10 to 120 slots. It is 
noted again that the delay performance is insensitive to v over a wide range, from 20 to 80 slots. 
This insensitivity indicates that variance of the estimate of G does not play an important role, 
whereas timely estimating is more significant. In other words, a rough but timely control action is 
more essential than a precise but late control action, as long as this action is taken in a right 
direction (increase or decrease fk+, ) at most times. 
Sparsely occurring terrestrial interference may cause misjudgement of channel output, typically 
`idle' states being misjudged as `failed' states. This would result in estimate deviation of the MLE 
and degradation of the traffic control algorithm. More severely, the terrestrial interference even 
entirely blocks the communication channels. Negative affect of the terrestrial interference on the 
framed-ALOHA protocol was not investigated throughout this research due to lack of analytical 
models for this interference, although much practical information on the terrestrial interference in 
VHFIUHF band has been measured in [69]. Bright side is that performance of the framed- 
ALOHA protocol under this control algorithm is not so sensitive to accuracy of the traffic load 
estimator. 
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6.5 Dynamics of The Framed-ALOHA under The Control Policy 
Typically, the input load is time-variant rather than constant in LEO satellite communications. 
When the satellite orbits the Earth, the channel input load within the current footprint shows an 
inconstant pattern. Assume a typical LEO orbit in which a satellite will move to a neighbouring 
but non-overlapped region in only approximately ten minutes, demonstrated as Figure 6-7. In the 
worst case, the two neighbouring regions have a completely different user population density: one 
at highest, and the other at lowest. Thus the channel input load will be periodically changing. 
Another possible geographical distribution of users is that, at some special areas, say for example, 
at the Greater London, user population density may be much higher than nearby areas. This will 
causes the channel input load to dramatically increase when the footprint begins covering those 
special areas, and to greatly drop when it goes far ahead of them. Thus dynamics of the control 
policy in these two scenarios is of the interest. Backlog of data caused by unavailability of the 
satellite will also cause highly variable traffic load. (Imagine a temperature monitor takes a 
reading at 12: 00 local time and then waits for the satellite to come over. ) 
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Figure 6-7 A moving footprint causing varying input traffic load 
6.5.1 Constant Channel Input 
Following the investigation of the steady-state performance, the dynamics of the framed-ALOHA 
protocol under the control policy are also examined at a constant channel input load. The 
experiments were undertaken respectively for under-loaded, optimal-loaded and overloaded. The 
results are shown in Figure 6-8, Figure 6-9 and Figure 6-10. In the simulation, uplink channel 
operates at a bit rate of 9.6 kb/s, and packet size is fixed at 2048 bits. As predicted and explained 
above, the control policy does not adjust the transmission probability so often at a light input load, 
but leaves it to be 1 at most times. At an optimal input load, which is nearly maximal input load 
the channel can support, the control policy takes its key role in stabilising the channel and 
decreasing the backlog size. When the channel is overloaded, the channel throughput is still 
maintained at maximum level, although the backlog size keeps increasing. Of course, in view of 
the users, the system is already unstable now, as each user may be subject to an infinitely large 
packet transmission delay. To be more realistic and more accurate, new arrivals are generated 
using Poisson distribution, and retransmissions are generated using binomial distribution. Because 
of too dramatic variation of frame-by-frame throughput, it was locally averaged every 5 frames to 
form a local channel throughput 
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6.5.2 Time-Variant Channel Input 
We take a LEO orbit with a transit interval of 14.2 minutes as an example. When uplink channel 
operates at a bit rate of 9.6 kb/s, and packet size is fixed at 2048 bits, a transit interval of 14.2 
minutes contains 2000 slots, equivalent to 200 frames if frame length is 10 slots. Without losing 
generality, we assume the channel input load to be periodically varying with, say, a sinusoidal 
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pattern. Under such a varying pattern, dynamics of the control policy are simulated. The results 
are plotted in Figure 6-11. Again, new arrivals are generated using Poisson distribution, and 
retransmissions are generated using binomial distribution in the simulation. Frame-by-frame 
throughput is locally averaged every 5 frames. It is clearly seen that mean of the throughput, as a 
statistics, is kept at maximum (about 0.595) all the time. The local throughput randomly fluctuates 
around the maximum. 
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6.5.3 Impulse-Like Channel Input 
The footprint of a satellite with 14.2 minutes transit covers an area of 6200 km in diameter. 
Sparsely located cities with a much higher population density of users will generate an impulse- 
like channel input traffic pattern. To examine the performance of the control policy in this 
circumstance, simulation is made, and the result is plotted in Figure 6-12. It is clearly seen how 
the control policy inversely changes the transmission probability according to the size of backlog 
to form an optimal offered load level. Again, mean of the throughput is all the time kept at 
maximum, while the local throughput is randomly fluctuating around this value. 
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6.6 Conclusion 
With respect to the peculiar scenario of LEO satellite store-and-forward communications, a 
framed-ALOHA protocol was proposed. The computerised store-and-forward (not bent-pipe) 
communications satellite makes a centralised control policy favourable for the framed-ALOHA 
protocol. Such a control policy was developed, which is based upon MLE of the channel offered 
load frame by frame. The control policy accounts for the effect of packet capture in fading 
channels. The steady-state throughput-delay performance and the dynamics of the channel 
throughput were examined thoroughly. The results show that this centralised control policy can 
stabilise the channel meanwhile maximising the channel throughput, even when the channel input 
load dramatically changes from time to time. 
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Chapter 7: In-Orbit Measurement and Fading Characterisation 
An in-orbit measurement for fading characterisation of LEO satellite channel is 
addressed. The measurement scheme was proposed and implemented using a 
versatile DSP payload in the UoSAT spacecraft platform. An initial 
measurement has been conducted using the Mission Control Station, which 
transmits an unmodulated carrier in VHF band during a satellite transit. The 
statistical analysis of the measured data reveals basic fading characteristics of 
LEO satellite channel. 
7.1 Channel Measurement Scheme 
As far as the author knows, there has been no substantial channel measurement campaign 
undertaken with an aim at producing a fading statistical model for a LEO VHF/UHF channel. 
Obviously, such a measurement campaign is essential if we need to create a more convincing 
model for the channel fading, and employ it in practical design of relevant systems. The UoSAT 
series satellites provide for a satisfactory measurement platform for the LEO satellite VHF/UHF 
channel. Advanced modular design, reloadablility of application software, diverse mission 
payloads and in-orbit processing capabilities ensure the applicability of the proposed 
measurement scheme. 
To measure the fading features in the uplink channel, we need two segments, a groundstation on 
the Earth and a satellite in orbit. The stationary/mobile groundstation sited in the selected 
environments transmits a constant power level unmodulated sinusoidal carrier in VHF band, and 
the signal will become Amplitude Modulation (AM) signal along with slow Frequency 
Modulation (FM) at the satellite, due to channel fading and the Doppler shift. The satellite picks 
up this AM/FM signal and extracts the envelope of it. 
7.1.1 Schedule File Uploading 
A general-purpose DSP payload was placed on several UoSAT microsatellites, although it was 
initially designed for working with the Data Transfer Experimental (DTE) payload, which was 
implemented for the interference study in VHF uplink band [73] [74] [75] [111]. This DSP 
payload provides a digital baseband signal output of up to 
8.6 kHz single sided bandwidth [37] 
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[73] [74], which fully meets the requirement of sampling the received signal amplitude at 1 ms 
interval. 
A typical measurement procedure is illustrated in Figure 7-1. During a pass, the satellite picks up 
the signal, processes it and then stores the measurement data in the memory of the payload. When 
the pass has finished, the sampling procedure is terminated. The next step is to transfer the data 
across the on-board LAN (CAN-Bus) to the On-Board Computer (OBC). The data will be stored 
as a file in RAMDISK of OBC, and be downloaded to the mission groundstation at a later time 
(usually during next pass). Such a command list created for a specific task, namely schedule file, 
when uploaded to the satellite will be carried out in the given order and at the time specified [69]. 
This allows the OBC to perform control and command tasks while the satellite is out of range of 
the command station. Samples of scheduled events would be: switch on a payload; take an image 
and transfer the data. 
Satellite orbiting 
UoSAT satellite 
DSP OBC 
payload 
Step 1 
Transmit 
unmodulated carrier 
Portable 
Groundstation 
UoSAT satellite 
DSP 
payload ± 
OBJ 
Step 2 
Transfer 
sampled data 
Figure 7-1 Steps to conduct the channel measurement 
7.1.2 Sampling, Transferring and Downloading of Data 
Step 3 
Download 
sampled data 
Mission Control 
Station 
Through the front-end circuitry, the unmodulated carrier signal comes to the DTE receiver where 
it is converted into a linear `low Intermediate Frequency (IF)' output centred at 180/220 kHz. This 
output is gain adjustable for other purposes, but it can be disabled in order for the DSP unit to 
perform demodulation of linear modulation formats [73] [111]. The IF output signal is fed into the 
DSP board where its envelope is detected at a sampling rate of up to 1 kHz. The location of the 
DSP payload in the chain is illustrated as Figure 7-2 [111]. 
------------- 00. 
UoSAT satellite 
DSP OBC 
payload 
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A typical pass lasts 15 minutes, accumulating 900,000 samples at most. The DSP unit provides 
16,24,32,38 bit for sample output format. The 16-bit sample format generates 1800 kBytes data 
at most for a complete pass. The sampled data is stored in the data memory of the DSP payload 
while the sampling is in progress. Once the sampling is completed, the DSP enters data transfer 
phase in which the OBC actively establishes a connection to the DSP using a customised data link 
protocol, namely CAN-SU, to transfer all the data across the CAN-Bus to the OBC. The OBC 
treats the DSP' sampled data in a `transparent' method, simply storing it in RAMDISK as a file. A 
later downloading of this file can be started in any appropriate time, which does not involve with 
the DSP board at all. 
VHF antenna 
LNA 
RAMDI 
RAMDISK 
OBC 186 
Rx -1/2 FSK demod OBC 386 
UHF antenna 
PRX 
LNA 
PRX FSK 
demod 
DIE receiver DSP 
IF Signal 
Figure 7-2 DSP payload and its location in the chain 
7.1.3 Environment Selection for The Measurement 
Downlink 
In land mobile communications, the base stations are fixed, and the surroundings are relatively 
unchanged. When planning and implementing a cellular system in a certain region, ones can make 
use of the existing channel model the most similar to that specific terrain and environment, or 
undertake a specific channel measurement if it is necessary. 
In LEO satellite mobile communications, the satellite is fast moving all the time, and its footprint 
covers every environment from oceans to mountains. Therefore a globally adaptive propagation 
model is more meaningful. However, we can reduce this requirement if the LEO satellite is 
intended to offer services to specific users, e. g. land or maritime users only. As an initial attempt 
to take channel measurements, we will choose three typical environments: open area, suburban 
area and built-up area. 
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The rate of multipath fading is an important aspect of the propagation characterisation that we are 
particularly concerned about, since it determines whether the slow fading assumed in this research 
applies or not in the LEO satellite channel. The fading rate was roughly estimated at the order of a 
few seconds, and should not be dependent much upon the environment and the elevation angle 
involved. Hence we will employ the Mission Control Station to found out the fading rate at the 
first stage of the measurement campaign, although it has a better channel propagation 
environment than a portable station in any case. 
7.2 Description of DSP Experimental Payload 
Functionality and capabilities of the DSP payload is depicted. The software implementation of the 
channel measurement and its interaction with OBC's manipulation are described as well. 
7.2.1 Functionality 
The system block diagram of the DSP payload can be seen below in Figure 7-3. The module 
comprises of the following elements [73]: 
" Processor 
- Texas Instruments TMS320C31 floating point DSP 
- 40MHz Maximum Processor Speed 
- CMOS Low Power Processor 
" Program Memory 
- 3.3v Memory 
- 32 kWords, triple voting program memory 
" Data Memory 
- 256 kWords, unprotected data memory 
" Quicklogic FPGA custom logic design 
- Memory voting logic 
- Memory arbitration logic 
- Wait state generator 
" Programmable system oscillator 
" High performance analogue input stage 
- Digital down conversion stage allowing 
intermediate frequency 
- or baseband analogue inputs 
- 10 MHz maximum 
input sampling rate 
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- Programmable resolution 
" Analogue output stage 
- 200 kHz digital to analogue converter 
- Programmable output filter 
" Three Communications Interfaces 
- Serial Communications Interface 
- DASH Network Interface 
- CAN Interface 
Satellite CAN HSP50015 
CAN bus Interface DDC 
2nd Interprocess°' 
)SPE ýnector 
TMS320C31 
40 MHz 
Floating Point DSP 
J ADC 
Bootloader 
256 kWords 
Data Memory 
Analogue 
IF Input 
EDAC I 32 kWords x3 
Voting Logic Program Memory 
85230 Serial DAC Communications Controller 
Wideband 
Analogue Output 
Serial DASH 
Port NETWORK Prog" Filtered Filter Analogue Output 
Figure 7-3 Block diagram of DSP payload 
The DSP board is equipped with three banks of 32 kWords (128 kBytes) program memory. The 
banks are combined in the custom logic realised in the Quicklogic FPGA devices so as to provide 
EDAC protected program memory. A single event upset (SEU) caused by radiation in one 
memory bank will be corrected by majority voting. Additionally, an unprotected 256 Mords of 
data memory is provided. 
A CAN interface provides the TMS320C31 processor with access to the CAN network. The CAN 
network is essentially a point-to-multipoint real time communication network, which connects the 
OBC node and various mission payload nodes in accordance to the CAN protocol. It is the 
primary spacecraft local area network. The UoSAT spacecrafts use a subset of the full CAN 
protocol called CAN-SU. The CAN-SU protocol forces a peer-to-peer addressing scheme on the 
existing CAN-bus protocol, which is itself a message-based protocol [ 113]. 
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There are two analogue outputs on the DSP module, a filtered output and an unfiltered output. 
Each of the analogue outputs are driven from the same 16-bit digital to analogue converter, The 
difference between the two outputs is that one output passes through a programmable filter, and 
the other does not. The digital filter has a programmable cut off frequency, which allows a wide 
range of output cut off frequencies. 
The analogue input stage of the DSP module is particularly sophisticated and has been designed 
specifically to support the operation of the Data Transfer Experiment. The analogue input 
interfaces only with its corresponding DTE receiver. At the front end of the analogue input stage 
is a 8-bit flash analogue to digital converter (ADC). The sampling rate of the ADC is up to 10 
MHz. The output from the ADC is then passed onto a digital down converter (DDC), which can 
be configured to perform a number of sophisticated tasks, including digital down conversion, and 
baseband filtering. 
7.2.2 Capabilities 
Reloadabilitv of application program 
The DSP board accommodates an EPROM, which contains the bootloader program. The 
bootloader is a simple program designed to accept program loading via the CAN interface. On 
power up, the TMS320C31 is held in a state whereby the code held within the EPROM is loaded 
across into the EDAC protected program memory and executed. The DSP then awaits an 
application program code to be loaded to the module via the CAN. This feature enables the after- 
launch updating and alteration of application program at any time, and eases the conduct of the 
channel measurement campaign. 
Diverse signal processing 
When designed, the DSP payload was anticipated that the analogue input would be used in two 
modes of operation [73]: 
1) FM discriminator mode, in which the DTE receiver provides baseband output from the FM 
discriminator to the DSP, and the DDC chip is operated in a baseband filter mode. 
2) Linear IF down conversion mode, in which the DTE receiver provides a linear IF output at 
180/220 kHz to the DSP, the DDC is then used to down convert the signal to baseband for 
processing by the digital signal processor. 
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In addition to these primary modes of operation, the analogue input can be also programmed to 
perform other specified tasks due to diverse functionality of the DDC chip. Since the fading 
information of interest resides in amplitude rather than frequency of the received signal, envelope 
detection is the major digital signal processing task for the DSP payload in this research. Two 
non-coherent envelope detectors, namely orthogonal envelope detector and non-linear envelope 
detector, were developed. The former uses in-phase and quadrature output of the DDC, whereas 
the latter uses in-phase component only. Both use the linear IF output from the DTE receiver 
[111]. 
Data, Qram and stream-transfer services 
The CAN-SU protocol defines two services for communicating peers, datagram service and 
stream-transfer service [113]. The datagram service delivers up to six bytes of application data 
and one 8-bit control word from the source to the destination. The datagram service is 
unacknowledged, and peers must implement application-level protocols, which tolerate or 
eliminate information loss. The datagram service provides a simple but efficient approach for 
Telemetry & Telecommand subsystem of all on-board modules to deliver status and command 
data. 
The stream-transfer service permits more-efficient transfer, of large amounts of application data. 
The stream-transfer service is connection-oriented, thus is more complex to implement than the 
datagram service. Both services were implemented by the author and are used in the channel 
measurement. 
7.2.3 Software Development for The Measurement 
Software development for the channel measurement is divided into three parts: telemetry & 
telecommand based upon the datagram definition, DSP-to-OBC direction data transfer based upon 
the stream-transfer definition and envelope detection. The high-level source code was written in 
vendor-specific C, and low-level device drivers and real-time code segment were written in 
assembly language. 
In telemetry & telecommand part, five telecommands limited to the measurement task suppose to 
be accepted by the DSP board. All other telecommands are simply rejected. Table 3 summarises 
the purpose and parameters of each telecommand. 
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Table 3 Telecommands accepted by DSP payload 
TeleCommands Channel Number Value 
Start sampling 10 1 
Stop sampling 10 0 
Abandon sampled data 10 2 
Change sampling interval 11 255 (ms) 
Send OBC-node address 12 0_<, < 255 
In data transfer part, DSP-to-OBC direction stream-transfer protocol is implemented, which is 
used to transfer the whole sampled data from the DSP to the OBC during one session. During one 
time of channel measurement, the OBC manipulate and interact with the DSP payload in the 
flowchart illustrated in Figure 7-4. 
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Change sampling 
interval? 
Yes 
Send a TC of 'change sampling 
interval' 
Send a TC of 'start sampling' 
Send a TC of 'stop sampling' 
Calculate the number of samples 
Transfer sampled 
data? 
. ----------------- 
j Yes 
----------- Send a TC of 'OBC-node address' 
if needed 
--------------------------------- 
Initiate a file-transfer session 
Insert orbit information into 
received file, in order to map time 
axis to elevation angle axis on 
required 
By default, sampling 
No interval is set 1 (ms) 
No 
Send a TC of `abandon 
sampled data' 
Figure 7-4 OBC manipulation and interaction with DSP payload 
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7.3 Envelope Detection 
The unmodulated carrier transmitted from a portable groundstation or the Mission Control Station 
is first picked up by the DTE receiver from where a linear IF signal at 180/220 kHz is output. This 
IF signal is then fed into the DSP board where it is sampled by the ADC unit at a changeable 
sampling rate of up to 10 MHz. The digitised IF signal is then converted by the DDC unit into 
baseband or lower carrier AM signal, depending upon which type of envelope detection is used in 
the next steps. The processing following the DDC can be done either in real mode or in `I' and 
`Q' channels, shown in Figure 7-5 [37]. Considering the hardware implementation of the DSP 
board, two types of envelope detector, orthogonal detector and non-linear detector were 
implemented. 
16 
Data from ADC High Decimation 
H Low Pass 
Filter FIR Filter 
CLK --º 
High Decimation Low Pass 
Filter FIR Filter 
F-10. 
COS SIN 
Complex Sinusoid 
Generator 
Figure 7-5 Block diagram of major DDC functionality 
7.3.1 Orthogonal Envelope Detector 
In the orthogonal detection, both in-phase and quadrature baseband signals are used to extract the 
envelope. Let A(t) be the envelope signal we are going to extract, in which the effect of fading and 
shadowing in propagation resides. xXt) and xg(t) are in-phase and quadrature components 
respectively, we have 
xl (t) = A(t) cos(w, t + gyp) cos(wot + 0) 
71 
=1 A(t)[cos((w, +wo)t+(p+0)+cos((wo -w, )t+0 -rp)ý 2 
xQ (t) = A(t) cos(w, t + cp) sin(a)ot + z5) 
=1 A(t)[sin((w, + w, )t +O+ ýP) + sin((wa - wC)t + 
(7.2) 
2 
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where co, is the frequency of transmitted carrier (180/220 kHz), and o), is the frequency of 
complex sinusoid generator in the DDC chip. The two signals then pass through the High 
Decimation Filter (HDF) and the fixed Low Pass Filter (LPF), which composite a combined LPF 
with a single sided bandwidth of 8.6 kHz at -3dB and 12.5 kHz at -102dB [37] [73]. Consequently 
the above two signals become 
xI (t) =I A(t) cos((wc - wo )t +0- (p) (7.3) 2 
zQ (t) =1 A(t) sin((wo - co, )t +0- gyp) (7.4) 2 
As for a carrier frequency of 146 MHz in the uplink channel, the Doppler shift is up to 3.3 kHz. It 
can be reduced within 250 Hz after the Doppler compensation based upon orbit prediction [112]. 
When we - co,, < 250 Hz is guaranteed, the signals by (7.3) and (7.4) can pass through the LPF 
without distortion. The envelope signal ve(t) can be formed through the following real time 
computation 
(-t 
FYI 
+Q(t)2 =1 A(t) 
2 
(7.5) 
The orthogonal envelope detector would have performed perfectly in the channel measurement 
campaign if there had not been a drawback in the DDC chip, which causes a difficulty in 
distinguishing I and Q serial data when they are output in the same pin. The problem comes from 
the implementation of the DDC chip. It occasionally results in a situation, in which I and Q 
components are incorrectly paired, i. e. {(xQ(l), x, (2)), (xQ(2), xß(3)), ..., 
((xQ(n), xXn+1)), ... 
}. The 
mis-pairing would generate a totally wrong output for the envelope when computed using (7.5). 
Much effort has been made, and the probability of the mis-pairing has been greatly reduced. But it 
still can not be eliminated completely. As a result, the developed orthogonal envelope detector is 
highly precise but unreliable. Alternatively, a non-linear envelope detector based upon FIR 
filtering is developed as well. 
7.3.2 Non-Linear Envelope Detector 
This is a conventional envelope detector, in which only in-phase component is used. The in-phase 
signal is imposed a computation of absolute value, which is followed by a FIR LPF. The design 
objective of the FIR filter is to obtain the envelope signal of up to 100 Hz. Considering the 
processing speed limit of the DSP processor, a 65-taps FIR LPF was worked out by Hamming 
window method, which results in a -3dB bandwidth of 120 Hz. Impulse response and amplitude- 
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frequency feature of the LPF are shown in Figure 7-6 and Figure 7-7 where the sample frequency 
(at this rate input data is fed by the DDC) is 5.2 kHz. 
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Figure 7-6 Impulse response of the 65-taps FIR LPF 
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Figure 7-7 Amplitude of frequency response of the 65-taps FIR LPF 
7.4 Statistical Analysis of Measured Data 
An initial in-orbit measurement was conducted using the above described scheme. Statistical 
analysis of the measured data is made to reveal 
basic fading characteristics of LEO satellite. 
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7.4.1 Raw Data 
Due to a large number of experiments scheduled to be in-orbit tested, I only had a few satellite 
transits assigned to my channel measurement. After several preliminary in-orbit measurements for 
ensuring the scheme and adjusting its parameters, one complete transit was measured at 
transmitting frequency of 146 MHz, the recorded range of elevation angle of which started with 
3.7°, reached up to 33.7° at maximum and ended with 5.70. It is a representative transit. The raw 
data is plotted in Figure 7-8. The plot is zoomed-in at 12.5° and 33.7° to present more details 
regarding the fading rate, shown in Figure 7-9. A quantitative analysis of the fading rate will be 
given in the following section. 
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Figure 7-8 Relative strength of received signal during a pass with max elevation of 33.7° 
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Figure 7-9 Relative strength of received signal zoomed-in at 12.5° and 33.7° 
7.4.2 Rate of Fading 
It is of interest to consider the average rate at which the envelope of the received signal crosses a 
given level with a positive gradient and how long it remains below that level. The former is 
referred to as level-crossing rate, and the latter average fade duration. In the case of the given 
level being median of the envelope, level-crossing rate become the fading rate. The level-crossing 
rate can well represent the fading characteristics. Using the measured data, it is processed at 
different elevation angles and plotted in Figure 7-10. From the figure, it can be seen clearly that 
significant fading (for example, >8dB) mainly and slowly takes place at lower elevation angles. 
When the elevation angle rises, only little deviation of the received signal occurs with a slightly 
fast rate. This insignificant fading may be caused by other propagation fading factors more than 
multipath because MCS is equipped with a large well-designed antenna, which is installed on the 
top of building. It can be deduced that if we would use a portable groundstation equipped with a 
small antenna, we would observe deeper fading within a bigger range of elevation angle, but the 
fading rate would be falling within a similar order. 
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7.4.3 Statistics of Fading 
0 
To characterise the fading in another aspect, a probability distribution of the received signal 
strength at different elevation angles is statistically processed and plotted in Figure 7-11. 
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Figure 7-11 Probability distribution of received signal strength at different elevation angles 
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7.5 Conclusion 
The Mission Control Station was employed at the first stage of the in-orbit channel measurement, 
and the envelope of received signal was in-orbit measured during a typical and complete satellite 
transit. The rate of multipath fading is an aspect of the propagation characterisation we are 
particularly concerned about. The statistics extracted from the measured data revealed that 
significant fading in the LEO satellite channel takes place at a slow rate, roughly at the order of a 
few times per seconds. It basically conforms to the slow fading assumption derived from the 
simply theoretical analysis. It was also noted that significant fading occurred only at low elevation 
angles since the MCS is equipped with a well-designed antenna, which is installed on the top of 
building. It can be deduced that when we would employ a portable groundstation equipped with a 
small antenna, we would observe deeper fading within a larger range of elevation angles. 
Measured data from one satellite pass is not enough to create a fading statistical model for 
evaluation of the capture effect. Such a statistical model can be completed only after extensive 
measurement campaigns are conducted in various user groundstation environments. 
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Chapter 8: Summary and Recommendations for Future Work 
This chapter summarises this research and presents the original achievements 
undertaken. Some further considerations or recommendations for future work, 
mainly in implementation, are briefly stated as well. 
8.1 Summary of This Research 
This research programme was undertaken at the Surrey Space Centre, University of Surrey. The 
research involves with multiple access protocol technology, evaluation of the capture effect, the 
estimate and control of channel traffic load and the in-orbit measurement for fading 
characterisation. The final product of this research is the framed-ALOHA protocol for the 
multiple access uplink channel of the UoSAT satellite store-and-forward communications. The 
protocol is dedicated to supporting a large number of users generating bursty short messages, as 
the UoSAT satellites and constellations are expected to accommodate more and more 
applications. The integration of the framed-ALOHA protocol into the PACSAT protocol suite 
will efficiently support both long message transmissions like file transfer and short message 
transmissions like global data collection. 
The framed-ALOHA protocol fits into the scenario of the UoSAT satellite store-and-forward 
communications such as the intermittent access to channel, the long propagation delay, the 
decoupling between the protocols for the uplink and downlink and the insignificance of delivery 
delay compared to the throughput of the uplink channel. It is also a highly customised slotted 
ALOHA protocol, which makes use of the natural and artificially enhanced capture effect in LEO 
satellite channels and eases the slot synchronisation and the centralised control of the channel 
traffic, which is imposed on each user groundstation. 
The capture effect caused by random fluctuations of the received signal in strength makes the 
framed-ALOHA protocol more attractive as it substantially increases throughput of the uplink 
channel, a limited and valuable resource in the UoSAT satellites. Two sophisticated models were 
developed in order to exactly and convincingly evaluate the capture probability. The peculiar 
propagation features of LEO satellite channel enable me to work out two novel schemes to 
artificially enhance the capture effect, and further improvement on the channel throughput can be 
achieved with these enhancement schemes. 
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In order to globally stabilise and maximise the channel throughput, a centralised control 
algorithm was proposed, which can keep the aggregate traffic actually released to the channel at 
about the constant optimal level no matter what the channel input load is and how it dramatically 
changes. This centralised first-order recursive control algorithm is based centralised maximum 
likelihood estimate of the channel traffic load. The framed-ALOHA protocol under this control 
algorithm matches well the networking architecture of the UoSAT satellite store-and-forward 
communications where the satellite is a natural central node possessing powerful computing and 
processing capabilities. 
The initial in-orbit measurement undertaken is the first effort by using a real LEO spacecraft 
platform to characterise the fading of LEO satellite channel. Some measurements have been 
conducted, and the statistical analysis of the measured data reveals basic fading characteristics of 
LEO satellite channel. This in-orbit measurement will lead to a fading statistical model after 
extensive measurement campaigns are completed, which will be practically essential for the 
evaluation of the capture effect and for other relevant researches. 
8.2 Original Achievements of This Research 
A number of significant original achievements have been made during the course of this research 
programme. These are summarised as follows: 
1. Exact evaluation models of the capture effect 
Two exact evaluation models of the capture effect were proposed, one for coherent BPSK 
demodulation and the other for non-coherent FSK demodulation. In these models, the bit decision 
mechanism of the demodulation schemes was taken into account, and the impairment of the 
receiver carrier synchronisation was also considered (for coherent BPSK demodulation). These 
make the proposed models more complicated, but also ensure them more exact and more 
convincing than the previous models. The capture effect in LEO satellite channel was the first 
time investigated by using these models. 
2. Novel enhancement schemes of the capture effect 
Two novel schemes used to enhance the capture effect in LEO satellite channel were proposed, 
They are ring-shaped division of the footprint and elevation-dependent power assignment 
respectively. These schemes make most use of the peculiar propagation characteristics of 
LEO 
satellite channel, and consequently improve throughput performance of the uplink channel of the 
LEO satellite communications. 
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3. Framed-ALOHA protocol for LEO satellite communications 
A frame-based slotted ALOHA multiple access protocol was proposed for short message 
transmission. This framed-ALOHA protocol fits very well into the scenario of the UoSAT 
satellite store-and-forward communications and can make use of the capture effect to improve 
throughput performance. When combined with the enhancement schemes of the capture effect, it 
can achieve a higher throughput for the uplink channel. It can also be smoothly integrated into the 
PACSAT protocol suite, which is being used in all in-orbit UoSAT satellites. 
4. A robust centralised control algorithm for channel traffic 
A first-order recursive control algorithm based upon maximum likelihood estimate for channel 
traffic load was proposed. When imposed on the framed-ALOHA protocol, this centralised 
algorithm ensures global adaptation and stability of the protocol. It can maximise throughput of 
the uplink channel of the LEO satellite communications, no matter what the channel input load is 
and whether it changes dramatically. 
5. The first in-orbit measurement for fading characterisation 
The first in-orbit measurement for fading characterisation of LEO satellite VHF/UHF channel was 
designed, developed and implemented by using a LEO spacecraft platform and a DSP payload. 
An initial measurement has been conducted in VHF band used by the uplink channel of the 
UoSAT satellites. This in-orbit measurement will lead to a fading statistical model of the LEO 
satellite channel, after extensive measurement campaigns are completed. It is the first attempt to 
conduct such measurements using a real LEO spacecraft. 
8.3 Recommendations for Future Work 
Although this research has been entirely completed, there are still some issues left open, which 
mainly relates to implementation. And also, more in-orbit channel measurements need to be 
conducted in different geographical environments to lead to a fading statistical model 
for LEO 
satellite channel. 
8.3.1 Implementation Considerations 
The following aspects need to be considered when practically implementing the framed-ALOHA 
protocol in the UoSAT satellites. 
1. Integration of the framed-ALOHA and TD-SRMA 
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The straightforward way to integrate the framed-ALOHA protocol into the PACSAT protocol 
suite is to partition dedicated time slots for it, and reserve other time slots for the TD-SRMA 
protocol. The transmission of short message packets and that of the reservation packets of long 
messages obey the same protocol procedure within separated time slots. The numbers of the two 
kinds of time slot can be dynamically adjusted according to the traffic load of the short messages 
and the queue length of the reservations already accepted by the satellite, even if the total of time 
slots is fixed. The frame duration can be of varying length in order for the satellite to flexibly 
manage and dispatch the channel use. The performance analysis undertaken throughout this 
research basically assumes this integration approach. 
The integration can also be achieved by mixing two kinds of time slot together, but the two kinds 
of packet are respectively assigned transmission probabilities to prioritise the two kinds of packet 
in the use of time slots. Although the reservation procedure is the framed-ALOHA protocol, the 
overall performance of the long message transmission is mainly dependent upon the exclusive 
transmission phase of the TD-SRMA protocol. The mutual influence of the short and long 
message transmission makes it difficult independently to undertake the performance analysis of 
the framed-ALOHA protocol when this integration approach is adopted. 
2. Implementation of the maximum likelihood estimator 
To practically implement the maximum likelihood estimator of the channel traffic load in the 
UoSAT satellites, the satellites need to be able to correctly distinguish three states of time slot, 
`idle', `failed' and `successful'. A `successful' time slot comes out when the satellite correctly 
demodulates a packet. By setting a threshold of the received power level, the satellite can judge 
the `idle' and `failed' states. When the satellite fails to correctly pick up a packet in the current 
time slot and the strength of the received signal is below or above the threshold, an `idle' or 
`failed' state comes out. However, the irregular terrestrial interference may cause misjudgements 
(typically an `idle' state is misjudged as a `failed' state), which would result in estimate deviation 
of the maximum likelihood estimator and degradation of the traffic control algorithm imposed on 
the framed-ALOHA protocol. The terrestrial interference has also other negative affects on the 
framed-ALOHA protocol, but it was not considered throughout this research due to lack of 
analytical models for this interference. The bright side concluded from the study in Chapter 6 is 
that performance of the framed-ALOHA protocol under this control algorithm is not so sensitive 
to the accuracy of the traffic load estimator. 
3. Merit of receiver carrier synchronisation 
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When evaluating the capture probability for the uplink channel employing coherent BPSK 
demodulation, a piecewise function was used to represent merit of the carrier synchronisation of a 
narrow-band radio receiver. The evaluation with different setting of Parameter a and b indicates 
that the capture probability is sensitive to the merit of the receiver carrier synchronisation, which 
inherently depends upon the specific design of a receiver. To exactly quantify this merit for a 
specific radio receiver, it is necessary to do practical tests somehow. Although coherent 
demodulation technology has not been employed in the current UoSAT satellites, its better BER 
performance has been taken into account for the coming future employment for a long time. 
8.3.2 Theoretical analysis of the recursive control algorithm 
The throughput-delay performance of the framed-ALOHA under the recursive control algorithm 
has been thoroughly investigated by means of computer simulation. A further theoretical analysis 
could be made by discrete Markov process modelling. A straightforward Markov modelling that 
uses `backlog size' and `transmission probability' as a pair of system state will form a two- 
dimension Markov chain with an infinite state space. As the control action is taken once per 
frame, this Markov chain has a large number of state transition possibilities between any two 
system-states. It is impossible to directly solve this Markov chain, but it could be possible to 
derive an approximate solution after a substantial simplification is made. Despite being fair 
approximate, such a theoretical analysis is still of significance and worth a breath-taken endeavour 
in the future. 
8.3.3 Extensive Measurement Campaign 
As diverse mission-critical experiments and scientific explorations need to be undertaken in-orbit, 
the UoSAT satellite being used for the channel measurement is very busy with a long queue of 
tasks. So far, one pass data has been collected satisfactorily after several times of experimental 
channel measurement using the Mission Control Station. The statistical analysis of the measured 
data has revealed basic fading characteristics of LEO satellite channel. To achieve a fading 
statistical model, further extensive measurement campaigns using a portable station need to be 
conducted, which is a time-consuming task and unavoidably get more people involved in. 
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